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Introduction

High-intensity focused ultrasound (HIFU) is gaining wider acceptance in noninvasive or minimally
invasive targeting of abnormal tissues (e.g. cancer) for destruction. Piezocomposite transduccr
technology, especially for phased arrays, is providing high-quality HIFU applicators with incrcased
bandwidth and reduced parasitic cross coupling between the array elements. In addition to increasing
the efficacy of HIFU applicators, these technological enhancements allow for the use of HIFU arrays
in imaging the target region before, after, and intermittently during lesion formation. This lcads to a
unique paradigm of image-guided surgery with HIFU in which the coordinate systems for both
‘therapy and imaging are inherently registered. This project investigates the feasibility of using
piezocomposite phased arrays as dual-mode applicators for the noninvasive treatment of primary
breast cancers. Both therapeutic and imaging capabilities of the dual-mode arrays are investigated

leading to a real-time dual-mode array system to be used in pursuing in vivo animal experiments in
the future.

Body

This report is structured in accordance with the approved statement of work (SoW). In what follows.
we give the tasks and subtasks of the approved SoW with each subtask followed directly by what has
been accomplished with respect to it in year 2. For the subtasks planned for years 1 and 3 of the
grant period, they are given here for completeness, with short comments indicating their status, ¢.g.
subtasks completed in year 1 as indicated in year 1 progress report.

Tusk 1. Thresholds for Thermal Ablation of Breast and Fatty Tissue (Months 1 - 12):

a) Investigation of the intensity/exposure threshold curve; lesion size and characterization
of damage (1 — 3): Completed (Year | Report) '

b) Imaging of discrete thermal lesions with therapeutic arrays (1 - 3): Completed (Year |
Report). '

¢) Long-duration volumetric ablation of porcine fattv tissue (3 — 9): Completed (Year |
Report). :

d) Imaging of volumetric ablations using the therapeutic array and diagnostic scanners (3
— 12): Completed (Appendix IV). '

Tusk 2. Treatment Planning and Optimization of Volumetric Ablation with Phased Arrays in Fatty
Tissue (Months 6 — 24): ' '
a) Thermal modeling bused on bioheat equation and Suparato and Dewey thermal dose
integral for dumage: Discrete lesions (6 — 1 2): Completed (Year 1 Report)
b) Thermal modeling for multiple lesions with variable levels of proximity and cooling
time between shots (12 - 18): We have simulated several treatment scenarios feasible
with the dual mode arrays. Starting with the conventional procedure of forming a
volumetric lesion by doing a series of discrete lesions one at a time with sufficient wait
time between lesions to allow for the temperature to cool down (close to base line).
This technique requires long waiting time between (thus leading to elongating thc
overall treatment time) if one is to avoid excessive heating in the prefocal rcgion,
which could lead to unintended damage of intervening tissue. We have also
investigated the newly emerging technique of (electronically) raster scanning thc
therapeutic beam continuously at speeds of 1 - 3 mm/s to form volumetric lesion.
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While the origin of this technique was proposed by Dr. ter Haar and first used
clinically on the Chongging HIFU system, it was very nicely illustrated in vitro by the
group at the University of Washington in their recent presentations. We have also
carried out some tissue heating experiments performing the raster scan approach to
confirm the simulation results. The results confirm that the raster scan approach is
superior to the shoot-and-wait approach in terms of treatment time and prefocal
heating.

Optimization of multiple-focus phased array patterns for simultaneous placement
multiple discrete lesions (12 — 24): We have also begun investigating the usc of
multiple focus patterns for the minimization of collateral damage in the prefocal
region. This follows work done much earlier by the Pl in investigating phased arrays
for hyperthermia [Ebbini:91]. For the 64-clement prototype used in this investigation.
multiple-focus patterns do not give a distinct advantage over the raster scan method
described in the previous subtask. This is not surprising given the relatively small
number of array elements allowing for only a small number of simultaneous foci (2
4). Simulations of other 2D arrays with larger number of elements, however, continuc
to show that multiple-focus patterns offer significant advantage in reducing prefocal

heating compared with any form of mechanical scanning (including the raster scan
method).

Tusk 3. Detection and Localization of Cavitation Activity During Thermal Lesion Formation in
Breast and Fatty Tissue (Months 1 — 24):

a)

b)

c)

Detection of subharmonic activity in single-channel and beamformed data (1 - 12):
Completed (Year 1 Report).

Localization of cavitation from beamforming of multiple receiving channels (12 - 24):
We are still unable to demonstrate the sensitivity of the array elements to subharmonic
generation using short (microsecond) imaging pulses suitable for localization.
However, we still think that localization of cavitation events using microsecond pulscs
is feasible. We intend to order custom desi gned transducers, similar to the prototype we
already have, with sufficient number of hydrophones integrated with the transducer.
The new design will attempt to improve the isolation between the therapeutic array
elements and the receiving hydrophones (so they can be used simultaneously with the
therapeutic excitation). Furthermore, the hydrophones will be designed to have
maximum sensitivity at the subharmonic. The use of an array of receiving hydrophones
(on the order of 8 elements) will still allow us to achieve localization (provided that we
can consistently produce cavitational oscillations with microsecond excitation pulses).
Localization using time-frequency and related methods (6 — /8): Our intuition with
regard to the harmonic content of echoes from HIFU-induced thermal lesions is
supported by data from numerous lesion formation experiments. We have believed all
along that HIFU beams produce gas bubbles in the target tissue within the beam waist
in the focal region. At normal exposure, these are stable microbubbles that can be
beneficial in enhancing the power deposition at the target. They are also responsible for
significant increase in echogenecity and second harmonic generation, especially when
imaged at the therapeutic frequency. The figure below shows 25 dB grayscale images
of ex vivo liver tissue before and after lesion formation using a 3 second exposure at
850 W/cm’. One can see the increase in echogenecity at the lesion location (92 102
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mm axial). On the right hand side, spectrograms from the RF line passing through the
lesion (indicated by the arrows) are computed with 60 dB dynamic range. The
spectrogram’ produced from the image after lesion formation shows high level of
second harmonic activity localized to the lesion boundaries. It is this kind of
observation that led to the development of the second harmonic imaging and.
subsequently, to the quadratic imaging using the second order Volterra filters.

L TR

Tusk 4. Image Characterization of Thermal Lesions in Breast and Fatty Tissue (Months 1 — 24)
a) Characterization of grayscale images for discrete thermal lesions (1 — 6): Completed (Year 1

Report).

by Characterization of tissue dependent parameters (1 - 12): Completed (Year 1 Report:

<)

(Expected) negative results).

Characterization of second harmonic imaging (12 — 24): Over the past 18 months. we have
focused our attention on quadratic imaging which results from the second order Volterra filter
formulation. The application of this filter to the lesion visualization is described in Appendix I1
and Appendix IV for image data acquired with a commercial diagnostic system. Appendix Il
describe its application to image data acquired with the dual-mode array. A fuller descrintion is
provided in the patent application and the journal paper. The
basic idea behind quadratic filtering is 1llustrated by the figure below whereby the beamformed
RF data from the array. y(n). is decomposed into a linear and quadratic components as shown.

We have developed an algorithm for deriving the linear and quadratic filters. 4, and hg. shown
in the figure.

BE y(n)
Out

—| ho(kl) |—> i
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d) Correlation of imaging parameters with histologic characterization of tissue ablations (12 -
24): This is currently ongoing work. We have requested the addition of Dr. Robert Griffin from
the Department of Therapeutic Radiology as an investigator on this project to help with this

task beginning the 3™ year of the project. We have not yet heard from the program manager
with regards to this request.

Tusk 5. Image-based Adaptive Refocusing of Therapeutic Arrays in Inhomogeneous Fatty Tissuc
(Months 12 - 24)
Focusing with reference to natural specular targets (12 - ]8):
The idea behind this task may be illustrated easily by Figure 1, which
shows grayscale (25 dB) images of a fresh (untreated) sample of
porcine liver. The image on the left hand side was acquired using
single-transmit focus at the geometric center. Two large reflectors
(blood vessels) and two smaller ones can be seen in the image. Using
this image. the coordinates of the reflector at (5,90) mm were obtained.
This was done through an interface program running under MATLAB
whereby the user clicks the mouse on a target point in the image and
the program finds the coordinates of the target based on the
beamforming data that produced the image in the first place. We have Figure 1 The image to the left is
then used the coordinates of the target to compute the delays needed to obtained using a single transmit focus
focus the transmit beam on this target. These delays were then used to along the central axis. The image to the
produce the single transmit beam needed to obtain the image on the right is obtained by a single transmit
right hand side (25 dB dynamic range). The image clearly shows that focus at the blood vessel at 90 mm axial
the target is illuminated while the other three vessels are relatively | and S mm lateral.
dim. especially the vessel at (-5,90+). This result is quite significant as
1t shows that:
I Critical structures (e.g., significant blood vessels) in the vicinity of the focus point of the transmit focus arc
illuminated by its sidelobe and can be seen in the single-transmit imaging mode.
2. Spatial coordinates of these critical structures can be accurately estimated from the beamformed single-transmit
1mages. :
3. Based on their estimated coordinates. these critical structures can be targeted (or avoided) by synthesizing
transmit beams with maxima (or nulls) at these points. : '
Figurc 1 shows the case of targeting a blood vessel with the transmit beam. One could have just as easily generated
a beam that generates a minimum at the vessel location (avoidance). Many other scenarios can be envisioned once
this capability is developed for guidance.
Temperature feedback (12 — 24): The sensitivity of the speckle component of the dual-mode array to
lemperature  changes has been established experimentally. We have developed two different
temperature imaging algorithms (based on pulse-echo ultrasound) under previous NIH funding (Seip
and Ebbini and Simon and Ebbini). We fully expect that temperature feedback will be implemented
with the dual-mode array system. ’ :
Discrete thermal lesions as beacons (12 — 24): This works in a similar manner to the illustration in
Figure 1. However, it will not work with extended lesions. Our original plan was to generate a very
small lesion that appears as a point reflector in the image and use it as a reference point. Our results so
far provide a proof of concept. It is expected that the actual implementation of this procedure will be
ticd closely to establishing the thresholds for damagg in the target tissue, e.g. breast tissue.

Loanss

Tusk 6. Real-time Dual-mode Phased Array System for Volumetric Thermal Ablation of Breast and
Fatty Tissuc (Months 1 - 36)
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a) Design and fabrication of 64-channel receive system (1 — 12): A new receiver circuit
employing multiplexers for minimizing the number of analog-to-digital (A/D) converters has
been designed and fabricated. This will significantly reduce the cost and complexity of the
receive electronics. High-speed multiplexers allowed us to perform 8:1 or 4:1 multiplexing to
each A/D while maintaining a minimum sampling rate of 10 MHz. This is sufficient for the
dual-mode array operating at 1 MHz (and can capture the second harmonic without aliasing).
Results from this new circuit will be reported at the Ultrasonics Symposium in October.

b) Design and fabrication of transmit/receive control circuitry (1 - 18): Completed (Year 1
Report).

¢) DSP-based real-time beamformer (12 — 30): We have identified a VXI based recal-time

_controller for beamforming. This controller will be sufficiently fast to perform real-time
beamforming and uploading of image data to the controller workstation.

d) Experimental testing, calibration, and characterization of imaging system (24 - 36): We are
on track for testing and characterization of the system for real-time data acquisition from all
channels during the first half of the third year. We expect to be able to form images with a
frame rate on the order of 10 — 15 frame per second. If this is achieved, we will be in an
excellent shape to propose the use of the dual-mode system in vivo animal experiments as
part of a future grant (possibly from the NIH).

Key Research Accomplishments

We have established that the real-time harmonic activity during and after lesion formation is
observable using diagnostic scanners (Technos MPX, Esaote, S.p.A., Genoa Italy). Hypothesis
on microbubble activity is strengthened by real-time imaging results using the pulse inversion
technique (Appendix I1).

We have extended the second harmonic imaging results to quadratic imaging using the second-
order Volterra filter. This nonlinear imaging mode is superior to second harmonic imaging in
that it improves spatial and contrast resolution and virtually eliminates beamforming artifacts. -
The latter severely limits the dynamic range of the 2™ harmonic imaging technique in single-
transmit imaging mode. (Appendix II, 11, IV).

We have established the correlation between pulse inversion data and quadratic data for discrete
lesions (Appendix 1) and volumetric lesions (Appendix IV).

We have demonstrated that nonlinear imaging methods like pulse inversion and quadratic
filtering produce more accurate maps of the actual lesions (Appendix IV).

Full characterization of the imaging capabilities of our 64-element prototype dual-mode array.
Comparison with diagnostic imaging using the Esaote Technos MPX scanner (CA421 convex for

abdominal imaging). This will be reported at the 2003 International Ultrasonics Symposium in
October.

Characterization of the transient behavior of the harmonic contents of the echo signal from the

lesion location in ex vivo tissue (several different tissues used). This will be reported at the 2003
International Ultrasonics Symposium in October.

Reportable Outcomes
Steidl, C.; Hui Yao,; Phukpattaranont, P.; Ebbini, E.S., "Dual-mode ultrasound phased arrays for

. noninvasive surgery: post-beamforming image compounding algorithms for enhanced
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visualization of thermal lesions," Biomedical Imaging, 2002. Proceedings. 2002 IEEE
International Symposium on » 7-10 July 2002, Page(s): 429 -432.

Hui Yao; Phukpattaranont, P. ; Ebbini, E.S.,"Nonlinear methods for visualization of HIFU-induced
lesions,"” Proceedings of the 2™ International Symposium on Therapeutic Ultrasound (ISTU2),
29 July - 1 August, Seattle, WA, Editors: Andrew, Crum, and Vaezy, 2002, Page(s): 282 - 289.

Hui Yao; Phukpattaranont, P.; Ebbini, E.S., "Detection and mapping of thermal lesions using
dual-mode ultrasound phased arrays." Proceedings of the 2002 IEEE Ultrasonics Symposium.
Volume: 2, Oct 8-11, 2002. Page(s): 1435-1438.

Hui Yao; Phukpattaranont, P.; Ebbini, E.S.,"Nonlinear imaging methods for characterization of
HIFU-induced lesions," Proceedings of the SPIE vol. 4954, Thermal Treatment of Tissue: Energy
Delivery and Assessment 11, Editor: T.P. Ryan, 2003, Page(s): 183 - 191,

Emad S. Ebbini, "Nonlinear pulse-echo imaging methods for HIFU-induced lesion visualization,"

145 Meeting of the Acoustical Society of America, JASA, vol. 113, no. 4, 2003, Page: 2309
(Invited).

Emad S. Ebbini, "Dual-mode HIFU arrays," 3" International Symposium on Therapeutic
Ultrasound (ISTU3), Lyon, France 22 - 25 June, 2003, manuscript in preparation.

Emad S. Ebbini and Pornchai Phukpattaranont, "Ultrasound imaging system and method using
non-linear post-beamforming filter," Patent application to the US Patent and Trademark Office
(Initial application 10 May, 2002; Continuation-in-part 9 May 2003). '

Pornchai Phukpattaranont and Emad S. Ebbini, "Post-beamforming second-order Volterra filter

for pulse-echo ultrasonic imaging"”, IEEE Trans. on Ultrasonics, Ferroelectrics and Freguency
Control, August 2003.

Conclusions

Our efforts during the second year of the grant were focused on validating and characterizing the
imaging capabilities of the 64-element dual-mode array prototype. In addition, we have generalized
the harmonic processing of the echo signal to quadratic processing. This approach was shown to be
superior in terms of enhancing the spatial and contrast resolution of lesion images. Quadratic imaging
was also shown to produce results comparable to pulse inversion imaging, an imaging method
designed to detect microbubble activity (contrast-agent imaging). Compared to pulse inversion,:
quadratic imaging is not sensitive to motion and has wider dynamic range.

Our characterization of the 64-element dual-mode array prototype is as follows:

Therapeutic performance: Free field focal intensities up to 3500 W/cm? in a region approximatcly 4
¢m in diameter around the geometric focus (with electronic scanning).

Imaging Performance: Axial resolution of 3 mm, lateral resolution of 1.1 mm. This is opposite to
typical diagnostic systems, which have better axial resolution (< 1 mm) than axial resolution (~2 mm)

This is due to the relatively narrow bandwidth (leading to reduced axial resolution) and the large
aperture (leading to excellent lateral resolution) of the dual-mode array prototype. Furthermore, we
have shown that the dynamic range of 50 dB in an elliptical region around the geometric center (major
diameter 6 cm and minor diameter of 5 cm). High contrast targets like large blood vessels are always
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visible. Speckle contrast targets smaller than 4 mm are indistinguishable from a point specular
reflector.

What does this mean? Our dual mode approach is a viable approach for image guidance as we can
recognize structures and markers in the target region. We have also established unequivocally that
lesions can be mapped accurately based on changes in their echogenecity during and immediately after
formation. This remains one of the most attractive features of our approach, especially when single-
transmit focusing is used. This mode is unique because it allows us to inspect the changes in the
echoes precisely at the expected lesion location (since the imaging transmit beam is obtained from the
therapeutic beam itself). It also allows for the detection of any critical structures in the path of the
therapeutic beam. Therefore, imaging with the therapeutic beam before lesion formation is probably
the most powerful tool for avoiding collateral damage upon targeting specific tissue for damage.
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Appendix 1

DUAL-MODE ULTRASOUND PHASED ARRAYS FOR NONINVASIVE SURGERY:
POST-BEAMFORMING IMAGE COMPOUNDING ALGORIT HMS FOR ENHANCED
VISUALIZATION OF THERMAL LESIONS

Charles Steid!, Hui Yao, Pornchai Phukpattaranont and Emad S. Ebbini

Department of Electrical and Computer Engineering
University of Minnesota
Minneapolis, MN 55455

Abstracr- A post-beamforming nonlinear compounding algo-
rithm for ultrasonic imaging is presented. Fundamental and
harmonic image components from beamfromed radio frequency
(RF) data are extracted, envelope detected and compounded
using a spatial compounding functions (SCFs) derived from
the transmit/receive beamforming topology used in obtaining
the RF data. This is specially useful for applications where
single-transmit focus (STF) imaging is used. In this paper, we
present results from STF imaging experiments using a nove}
dual-mode phased array system for tmage-guided surpery. In
particular, we address the enhancement of the echogenicity of
thermal fesions formed in ex vivo tissue. It is shown that new
nonlinear image compounding algorithm produces 25 - 30 dB
enhancement in lesion echogenicity without loss in spatial res-
olution. This is to be compared with a typical enhancement
of 5 dB achieved by standard echographic imaging and 20 dB
achieved by second harmonic imaging alone. In addition, im-
ages resulting from the pew algorithm are virtually free of
beamforming artifacts that can severely degrade the perfor-
mance of 2ad harmonic imaging.

1. INTRODUCTION

Image guidance has long been recognized as the “enabling
technology™ for noninvasive thermal surgery. Highly re-
fined energy application devices bave been developed and
for years. However, without reliable imaging techniques for
visualization of thermal lesions, noninvasive thermal surgery
has failed to find widéspread acceptance in the clinic. Re-
cently, image guidance methods based on well established
imaging modalities like MRI[3], CT [5}, or ultrasound [4, 8}
have been proposed. Other imaging modalities are also be-
ing developed and may become available in the foresecable
future(6, 7). '

An area unique to ultrasound that could revolutionize
the field of image-guided surgery is the development of a
new generation of dual-mode high-power phased array sys-

Funded by Grant DAMD 17-01-1-330 from the US Army Medical
Research and Materiel Command.

0-7803-7584-X/02/$17.00 ©2002 [EEE 429

tems capable of both imaging and therapy (8, 9). These
piezocomposite transducers can produce focal intensity lev-
els needed for ablative and coagulative thermal surgery with
high precision. Furthermore, the operating bandwidth of
such transducers allows for imaging the wreatment region
with adequate image quality to delineate important land-
marks within and around the target volume. With these ca-
pabilities, it is possible to operate these arrays in a “self-
registration™ mode whereby the imaging capabilities of the
array are vtilized in characterization of the tissue response
precisely at the expected lesion location. This is due 16 the
fact that the beamforming is common to both the imag-
ing and therapy modes. The main challenge to this ap-
proach is the low-contrast nature of speckle-ridden ultra-
sound images. This paper addresses a new post beamform-
ing filter bank image reconstruction algorithm with nonlin-
ear spatially weighted compounding algorithm to mitigate
this problem. The design of this algorithm is metivated by:
the nonlinear nature of ultrasound propagation in tissue and
the fact that thermal lesions are known to have increased
level of harmonic generation. Experimental results demon-
strate the potential of the new algorithm in both enhancing
the lesion contrast and size/shape analysis.

2. IMAGE FORMATION MODEL

Figure | summarizes the image acquisition and image for-
mation model. A 64-element array optimized for maximum
energy delivery at 1 MHz operating frequency is used for le-
sion formation in sample tissue. Lesions are formed by fo-
cusing the array at a point within the targer and maintaining
high-power output for time intervals on the order of seconds
€1 - 5 seconds typical). The power is interrupted for short
intervals (milliseconds) to acquire image data by transmit-
ting short (u5) pulses from all 64-elements and receiving on
selected elements using a matrix switch. Once the image
data set is collected, RF beamforming is performed to form
standard echographic images of the target region.




i

Fig. 1. image Acquisition and lma‘ge Reconstruction Algorithm

Fig. 2. Coordinate systern used in the synthetic aperture
imaging system.

2.1. Synthetic aperture imaging

Images are obtained using a full synthetic aperture tech-
nique [10]. The image pixel at coordinates {zp, zp) is there-
fore computed by (Fig. 2):

64 64

Izpz)= Y Y A By 15 [(Rip + Rip) /], (1)

i=1 j=)

where i is the transmit element index, J is the receive el-
ement index, A; is the transmit apodization weight at ele-
ment i, B; is the receive apodization weight at element J»
Rip and R;y, are the distances from the transmit and receive
elements, respectively. from the image pixel, c is the speed
of sound in the medium being imaged, and ;. j(t) is the
echo acquired when transmitting with element i and receiv-
ing with element ;.

2.2. Single-Transmit Focus (STF) Imaging

The synthetic aperture imaging algorithm described above
can be used to produce the highest quality conventional im-
ages that can be expected from a given array. However, due
to the fact that transmit beams are synthesized by super-
position of single-element transmit patterns, the nonlinear
interactions of the real-time transmit beams cannot be ac-
counted for using this imaging algorithm. Therefore, we

have modified our 64-channe! phased array driver 10 aflow
for pulsed transmission on all 64 channels simultaneously.
This allowed us to use the full power of the transmit beams
and, therefore, observe their nonlinear interactions with the
tissue media. The image formation process due to a STF
beam is a modificd version of Equation (1) as follows:

64
Izpzp) =Y Bj-s;[(Ro+Ryp) /c], ()

j=1

where 3;(¢) is the received waveform at element j duc to the
transmitted beam and Ry is a fixed distance determined by
the focal depth of the transmit beam. All other quantities in
Equation (2) are the same as their counterparts in Equation
(1). 1t should be noted that beamforming is performed in the
RF domain using true delays, i.e., no baseband conversion
is done. This retains all the frequency components in the
beamformed data for postbeamforming filtering operations
described below.

2.3. Post Beamforming Filtering

Since beamforming is performed in the RF domain, all the
frequency components in the received echo signals are re-
tained. This is important since the echo signals can be ex-
pected to contain a mix of harmonics (and possibly subhar-
monics) depending on the nonlinearity of the tissue medium
being imaged. This is especially true for the STF imaging
mode where the transmit power is sufficiently high to pro-
duce harmonic components in nonlinear tissue media. Post-
beamforming filtering can be used to isolate specific har-
monic components and/or enhance axial resolution if the
SNR of the system is sufficiently high. Algorithms for post-
beamforming filterbank image reconstruction for pulse-echo
uitrasound can be found in (11]. For the purposes of this
paper, the filter bank is formed of bandpass filters with cen-
ter frequencies at a set of preselected harmonics (or subhar-
monics).

2.4. Nonlinear Compounding

Ultrasound propagation in tissue media is inherently nonlin-
ear. RF echo signals obtained using modern scanners with
wideband transducers carry barmonic components that are
generated by the medium nonlinearity, i.e., they are not part
of the originally transmitted imaging pulses. Since the tis-
sue nonlinearity parameter cxhibits higher contrast between
various tissue compared to tissue reflectivity, imaging this
paramelter can lead to higher contrast images of soft tissue.
For a variety of physical reasons, it is well known that ther-
mal lesions generate higher harmonics at levels higher than
normal tssues. By careful design of the transmit/receive
beamforming and the post beamforming reconstructions fil-
ters, high contrast images of lesions can be formed from
ultrasound images formed at the fundamental and some of



its higher harmonics. In general, an optima) compound-
ing rule must be derived based on statistical model of the
imaged region and the expected lesion size/location. Fur-
thermore, the quality of the beamforming at different har-
monics or scales will be spatially heterogeneous. For exam-
Ple, since the array sampling function (in wavelengths) is
coarser at the higher harmonics, images formed at these fre-
quency will bave high contrast along the axis of the trans-
mit beam, but the contrast deteriorates quickly away from
the main axis. Furthermore, since the harmonics are orders
of magnitudes smaller than the fundamental, compounding
is performed with log-compressed images after appropriate
scaling. Therefore, with reference to Figure 1, the com-
pounding is performed in two stages:

1. The outputs of the filterbank are envelope detected,
scaled, and log compressed. The scaling of the indi-
vidual harmonics can be derived from, for example,
the specificity or contrast-to-tissue ratio (CTR):

llyc. |2

CTR = 10log,o (Ilw.ﬂ% ) @
where {|yc, [|2 and |ly7, ||; are the [, norms of the ith
harmonic components from the contrast and normal
tissue regions, respectively. These regions are easily
identified under various imaging conditions. For in-
stance, for the application described in this paper, the
contrast region is the expected location of the ther-
mal lesion (often visible on the standard echographic
image).

2. A spatially-weighted sum of the harmonic compo-
nents is performed. The weighting function is decived
from the spatial contrast function (SCF) of the imag-
ing array at the different harmonics.

Assuming that the cnvelopc-détected, normalized and log-
compressed images obtained from the filterbank are given
by I, I,..., I, then the compounded image is given by:

N
Iz,y) =y W.Si{z,v)i(z,p) @
=1

where W; is a weighting function reflecting the relative en-
ergy at the harmonic with respect to the fundamental at the
(expected) lesion location and S;(z, ¥} is the SCF associ-
ated with the ith barmonic. This is can be obtained based
on simulations of pulsed or CW calculations of the follow-

ing ratio:

Si(z,y) = fMan (z.3 :2')By(z, yo; ' )dz’

5)

fs[, Bfi (=, v; z’)Bl(zr Yo: z')d.r' '

where the subscripts 5z and 57 refer to sidelobe and main-
lobe, respectively, and B, (z, y; z') is the ith harmonic (dy-
namic) receive focus at (z, y) and B,(z, ¥o; 2') is the trans-
mit focus pattern (at the fundamental). Note that the SCF

is a2 measure of the quality of the transmit/receive pattern at
the ith harmonic. The higher the SCF the more confidence
we have in the received data at the ith harmonic.

3. RESULTS

Figure 3 gives a typical result of a visualization experiment
using the dual-mode array and the image compounding al-
gorithm described above. The figure shows images obtained
before and after lesion formation in an ex-vivo liver tissue
samples. The expected lesions are cigar-shaped with length
of 10 mm and width of 2 - 3 mm. All images are shown
at 40 dB dynamic range and have the same axial and lateral
extent. The lesion was formed at the geometric center of the
array and was expected between 90 and 100 mm in the axial
direction. All images show the front surface of the sample at
80 mm and the sponge backing phantom at 120 mm. Three
pairs of images are shown, one before (left) and one after
the lesion formation. The images on top of each figure are
formed at the fundamental (1 MHz) while those at the center
of each figure are formed at the 2nd harmonic (2 MHz). The
pair at the bottom shows the compound image using Equa-
tion 4 and the SCFs shown in Figure 4. Each pair of images
is displayed on a log scale and normalized such that the 0
dB corresponds to the maximum of the image on the RHS.
i.e., the image of the target after lesion formation. While
both the fundamental and barmonic images show enhanced
lesion contrast, the harmonic images show a net increase in
contrast by 22 dB along the direction of the transmit beam.
On the other hand, the net increase in contrast at the funda-
mental is about 7 dB. In addition, the spatial definition of
the lesion in the harmonic images is superior to the funda-
mental. However, while the harmonic images are superior
both in terms of definition and contrast near the main axis of
the transmit beam, the fundamental images better represent
the tissue state off-axis. The compound images show a net
increase in the lesion contrast on the order of 35 dB both
axially and laterally. This result can be understood in light
of a close examination of the SCRs shown in Figure 4. Itis
also interesting to note, however, that the compound image
still shows major off-axis objects, ¢.g., blood vessel at axia}
distance of 110 mm and lateral distance of 5 mm. That is,
the compounding algorithm removes the beamforming side-
lobe artifacts, but not major scarierers in the vicinity of the
transmit beam. This is one of the main objectives of STF
imaging described in this paper.

4. CONCLUSIONS
We have shown that post beamforming filterbank recon-
struction of ulrasound images at selected frequencies.sen-
sitive to harmonic generation in nonlinear media produces
images appropriate for compounding. The results of apply-
ing the nonlinear compounding algorithm also demonstrate
a significant increase in lesion contrast over enhancement
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Fig. 3. Images before (left) and after lesion formation. Al] images
are shown at 40 dB dynamic range.

achicved at either the fundamental or second harmonic. Itis
important to state that this contrast enhancement is achieved
without loss in spatial resolution. This due to the fact that
the bandpass filters used in separating the fundamental and
harmonic components have wider bandwidth than the data
bandwidth at these harmonics. The results shown in this pa-
per suggest that dual-mode arrays with high contrast imag-
ing capability suitable for real-time thermal lesion visual-
ization are feasible. This leads to a most powerful paradigm
for image guided surgery where the therapeutic and image-
guidance coordinate systems are inherently registered.
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Appendix 2

Nonlinear Methods for Visualization of
HIFU-Induced Lesions
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Abstract. Nonlincar ultrasonic imaging methods (like pulsc inversion [1] and quadratic imaging
based second-order Volterra filter [2)) are used in visualization of lesion formation in freshly excised
tissue. Both of these methods arc more sensitive to nonlinear echoes (e.g., due o micro-bubbles)
than standard B-mode imaging. While all three methods typically show increased echogenicity at
the lesion location, the nonlinear methods exhibit more localized echo enhancement than B-mode
imaging. Therefore, nonlinear methods are better suited to lesion mapping for purposes of image
guidance. Quadratic images have the added advantage of a significant increase in image dynamic
range and noise reduction (a major limitation of pulse inversion imaging). The results shown in
this report continue to support the hypothesis that micro-bubbles play an important role of lesion
formation. Furthermore, the presence of microbubbles provides significant opportunity for mapping
the treated tissue and potentially characterizing the nature of damage.

INTRODUCTION

We have used a dual-mode array described in [3] to form HIFU-induced thermal lesions
in freshly excised degassed tissue under a variety of normal exposure and over exposure
conditions. Single-transmit focus images were collected for over 100 lesions before and
after lesion formation. These images have consistently shown 5 - 7 dB enhancement in
the echogenicity from the lesion location in the standard echographic images. These re-
sults were much more consistent than the reported “flashes™ on the B-scan images when
diagnostic ultrasound systems are used to monitor HIFU lesion formation. Motivated by
the excellent investigation by P. P. Lele reported in [4], we hypothesized that this change
in echogenicity is due to stable microbubbles that can occur even at low insonation lev-
els. Lele found that subharmonic emission due to microbubbles showed a monotonic
increase with intensity from 150 mW/cm? to 1500 W/em? without a distinct threshold
for emission (measurements done in vitro and in vivo at 2.7 and 1.8 MHz). The consis-
tency of the increase in echogenicity at the lesion may be explained by the fact that the
microbubbles may already be resonant at the imaging frequency (same as the therapeutic
HIFU beam when the dual-mode array is is used), perhaps a result of rectified diffusion.

The standard echographic images at the fundamental, however, offer limited contrast
enhancement due to the speckle phenomenon. Therefore, they could not provide a
reliable method for mapping the boundaries of HIFU-induced lesions. This lead us to
try to exploit the nonlinear nature of the microbubbles to enhance the visualization and
mapping of thermal lesions. The idea was that, if microbubbles are indeed present at
the lesion location, they will generate nonlinear echoes that may be better suited for




mapping. We have initially investigated second harmonic (SH) imaging as a means of
enhancing the lesion contrast for improving the visualization of these images. SH images
of thermal lesions have shown increase in the contrast on the order of 22 - 25 dB. but with
decreased dynamic range of the resulting images [3]. A post-beamforming nonlinear
compounding algorithm was shown to improve the contrast in lesion echogenicity to
30 - 35 dB without loss in dynamic range [5]. This was achieved by compounding
the fundamental and the SH images using spatial compounding functions based on
the receive beamforming characteristics of the dual-mode array at the fundamental
and the SH frequencies. In this paper, we use a commercial imaging scanner with
modifications to allow pulse inversion imaging in.addition to standard B-mode imaging
for the visualization of freshly excised tissue before. during, and after the formation of
HIFU lesions.

NONLINEAR IMAGING METHODS

Pulse Inversion Imaging

This method was recently introduced by Burns and coworkers (6] for enhancing
contrast echoes in contrast-assisted pulse-echo imaging. The basic implementation of
this method entails the use of two pulses per image line. These pulses are carefully
designed such that, p,(r) = —p,(t = T), where T, is some appropriate delay (on the
order of the pulse-echo time from the maximum depth of interest). Summing the echoes
resulting from the two pulses eliminates the odd-harmonic components from the echo
signal (including the fundamental) while doubling the even-harmonic {mostly second)
components. This method currently represents the leading approach for contrast-agent
imaging, especially with low concentration and/or very low transmit signals to minimize
the generation of tissue nonlinearity.

‘Quadratic Imaging Based On SVF
We have recently developed a new nonlinear imaging system based on the SVF [2].

This has 2 number of advantages when compared to PI imaging (e.g. requires only a
single pulse per line and increased dynamic range).

Second-Order Volterra Model

Results from [2] have shown the validity of a second-order Volterra filer as a model
for pulse-echo ultrasound imaging data from tissue mimicking media. In this section. the
decomposition of received echo. i.e., output sequences only, into linear and quadratic
components by using least-squares approach of second-order Volterra model will be
considered and the detail of algorithm implementation to pulse-echo ultrasound imaging
will be stated.




Signal Separation Model

The algorithm described in this section is adapted from [7]. The response of a quadrat-

ically nonlinear system, y(n + 1). can be predicted by a second-order Volterra model of
past m values as follows:

yin+1) = y (n+ D+ypln+1)

m—1 m—1lm-1
= Y Y=dh )+ Y ¥ yn-)yn-khyljk) +e(n). (1)
i=0 J=0 k=j

where £, (i) is linear filter coefficients. ho( J.k) represents quadratic filter coefficients
and &(n) is a modelling error and/or a measurement noise which is assumed to be an
independent, identically distributed(i.i.d) random variable with zero mean. That is, if
the model coefficients are known, the echo signal can be decomposed into linear and
quadratic components. The latter can be expected to better represent the quadratic re-
sponse of the system than, say, the second harmonic component. The model coefficients
can be obtained by setting the linear and quadratic prediction problem in Equation 1
to form a set of linear equations. Recognizing that the output is linear in terms of the
(unknown) model coefficients, one obtains a matrix equation of the form:

f=Gh+e. (2)
where the vector f, the matrix G and the error vector £ are

f = Dn+1).y(n+2),....v(n+L)]T
G= [y(n).y(n+1),...y(n+L—1)]"
£ = [e(n).e(n+1),...e(n+L—1)].

where the data vector. y, is given by:

y(r) = [v(n).y(n~1),y(n-2).....y(n —m+1).

Y (n).y(m)y(n=1).... Y3 (n—m+1)]
and the filter coefficient vector, h, is given by:

b= [, (0).h (1). 4, (2).... 1y (m—1).
o hg(0.0),54(0, 1), kg (m~ Lm = 1)]T.

The details of the solution for the coefficients of the SVF model can be found in
[8]. Briefly, a minimum-norm least-squares solution of (2) is obtained using rruncated
singular value decomposition, TSVD. To assess the performance of the signal separation
model in enhancing the lesion visualization, we compute the contrast-to-tissue ratio:

, |
'
CTR = 10log,, (” QCHZ) 3)
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where HyQCH2 and ]|yQT”2 are the /, norms of the quadratic components from the lesion
and normal tissue regions, respectively. These regions are easily identified under various
imaging conditions. For instance. for the application described in this paper, the contrast

region is the expected location of the thermal lesion (often visible on the standard
echographic image).

Implementation

The coefficients of the linear and quadratic components of the SVF model are obtained
from the beamformed RF data. The implementation steps are as follows:

1. Using the standard echographic image, select a beamformed RF data segment from
the expected lesion location.
. Form the linear systems of equations according to (2).

3. Define contrast region (within the lesion) and normal tissue region for the compu-
tation of the mean-square error MSE and CTR.

4. Solve systems of linear equations by using TSVD regularization method.

5. Apply second-order Volterra filter to the beamformed RF data throughout the pulse-
echo ultrasound image.

6. The quadratic component from the SVF can be displayed as a separate image or
appropriately compounded with the linear component.

(3%

EXPERIMENTAL SETUP

Figure 1 shows a simple arrangement for the formation of HIFU lesions in freshly
excised and degassed porcine livers samples. The therapy transducer is a 1.5 MHz
single-element spherical-shell transducer with a radius of curvature equal to its diameter
and equal to 63.5 mm (Etalon. Lizton, Indiana). The transducer is fixed to the back of
a small tank as shown and driven by a power amplifier (ENI, Rochester, NY) and a
programmable function generator. This assembly can be used in generating a variety of
amplitude-modulated HIFU bursts from tens of milliseconds to several seconds long and
intensities up to 3000 W/cm? (conservative estimate). -

Real-time imaging is pertormed using a modified Technos MP system from ESAOTE.
Genoa, Italy. The system is modified to allow imaging in pulse inversion mode in
addition to normal B-mode imaging. In addition, a hardware module for capturing high-
quality beamformed RF data allows us to capture and upload up to 60 seconds of full
frame data with a specified frame rate. A CA 421 convex probe was used in acquiring
image data for this paper. Image data was acquired in pulse inversion (PI) mode with
a 2-cycle transmit pulse centered at 1.57 MHz. The imaging transducer was aligned so
that the image plane is x — - plane (to allow imaging the lesion along the axis of the
therapy transducer. -




Therapy Transducer (Thx Tx}
Imaging Transducer (Ix Tx)

Acoustic Window

FIGURE 1. Experiment setup used for formation of HIFU lesions using a single-clement transducer
attached to the of the tank with an imaging probe monitoring a cross section of the lesion through an
acoustic window.

RESULTS AND DISCUSSION

The experimental setup shown in Figure | was used in obtaining images of ex vivo tissue
samples before, during and after thermal lesion formation with the spherical therapy
transducer. This setup was designed to allow comparisons with our a dual-mode 64-
clement ultrasound phased array operating at | MHz described in [3]. Results shown in
[3] contirmed that echoes from the lesion location exhibited increased levels of second
harmonic generation even at normal exposure conditions. In this paper. we show imaging
results from a single-shot slightly overexposure condition of a 5 second pulse at 1800
W/cm?. This exposure typically produces a cigar-shaped lesion with average length of
10 mm and slight widening of the lateral extent of the lesion at the base (nearer to the
therapeutic transducer). This is part of a study for characterization of different imaging
modes at a full range of exposure conditions. :

Figure 2 shows the RF data along a line through the lesion before lesion formation
(upper left). The figure also shows spectrograms of the RF data (showing the frequency
content of the RF echoes, lower left). Echoes from the tissue sample begin at depth 135
mm. The results show that the echoes before lesion formation cover the bandwidth of the
CA4121 probe (fundamental at 1.57 MHz and some 2nd harmonic). This is confirmed
by the corresponding PI data shown on the right hand side, which shows the second
harmonic data just above the noise level.

On the other hand. the spectrogram of the RF data shown in Figure 3 from the same
direction after lesion formation show strong fundamental and 2nd harmonic components
at the lesion location (145 mm). This is also very clear in the PI data which shows a
strong 2nd harmonic at the same location. In addition. the PI data consistently showed
a significant component at 2.2 MHz (believed to be an ultra harmonic component).
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ABSTRACT

It has long been recognized that thermal lesions formed us-
ing high-intensity focused ultrasound (HIFU) exhibit non-

linear behavior that can be detected in pulse-echo ultrasound.

Second harmonic imaging of freshly formed thermal lesions
have consistently shown significant enhancement in their vi-
sualization confirming this nonlinear behavior. In this pa-
per, we describe a post-beamforming nonlinear filtering al-
gorithm based on second-order Volterra filter (SVF) model
that separates the linear and quadratic components of the
echo signal leading to significant enhancement of lesion vi-
sualization. Images from ex vivo tissue samples are shown
to demonstrate the level of contrast enhancement achieved
with the SVF-based quadratic filter compared with standard
echo and 2nd harmonic imaging resuits.

1. INTRODUCTION

Since early 2001, we have used a dual-mode array described
in [1] to form HIFU-induced thermal lesions in freshly ex-
cised degassed tissue under a variety of normal exposure
and over exposure conditions. - Single-transmit focus im-
ages were collected for over 100 lesions before and after
lesion formation. These images have consistently shown 5
- 7 dB enhancement in the echogenicity from the lesion lo-
cation in the standard echographic images. These results
were much more consistent than the reported “flashes” on
the B-scan images when diagnostic ultrasound systems are
used to monitor HIFU lesion formation. Motivated by the
excellent investigation by P. P. Lele reported in [2], we hy-
pothesized that this change in echogenicity is due to sta-
ble microbubbles that can occur even at low insonation lev-
els. Lele found that subharmonic emission due to microbub-
bles showed a monotonic increase with intensity from 150
mW/em? to 1500 W/cm? without a distinct threshold for
emission (measurcments done in vitro and in vivo at 2.7 and
1.8 MHz). The consistency of the increase in echogenicity
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at the lesion may be explained by the fact that the microbub-
bles may aiready be resonant at the imaging frequency (same
as the therapeutic HIFU beam when the dual-mode array is
is used). perhaps a result of rectified diffusion.

The standard echographic images at the fundamenal,
however, offer limited contrast enhancement due to the speckle
phenomenon. Therefore, they could not provide a reliable
method for mapping the boundaries of HIFU-induced le-
sions. This lead us to try to exploit the nonlinear naturc
of the microbubbiles to enhance the visualization and map-
ping of thermal lesions. The idea was that, if microbubbles
arc indeed present at the lesion location, they will generate
nonlinear echoes that may be better suited for mapping. We
have initially investigated second harmonic {SH) imaging
as a means of enhancing the lesion contrast for improving
the visualization of these images. SH images of thermal le-
sions have shown increase in the contrast on the order of
22 - 25 dB, but with decreased dynamic range of the re-
sulting images [1). A post-beamforming nonlinear com-
pounding algorithm was shown o improve the contrast in
lesion echogenicity to 30 - 35 dB without loss in dynamic
range [3]. This was achieved by compounding the funda-
mental and the SH images using spatial compounding func-
tions based on the reccive beamforming characteristics of
the dual-mode array at the fundamental and the SH frequen-
cies. In this paper, we describe a post-beamforming filter-
ing algorithm for separating the linear and quadratic com-
ponents of the beamformed data based on the SVF. This
approach is superior to all of the algorithms based on SH
imaging. It greatly enhances lesion 1o tissue contrast with-
out any loss in spatial resolution. In addition. it enhances
the dynamic range of the image thus greatly improving both
detecting and mapping of HIFU-induced lesions. even for
volumetric lesions.

2. IMAGE FORMATION

Figure 1 summarizes the image acquisition and image for-
mation model. A 64-element array optimized for maximum
energy delivery at 1 MHz (Imasonic, Besangon, France)
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Fig. 1. Imaging Setp

is used for lesion formation in sampie tissue. Lesions are

formed by focusing the array at a point within the target
and maintaining high-power output for time intervals on the
order of seconds (1-5 seconds typicaf). The power is in-
terrupted for short intervals (milliseconds) to acquire image
data by transmitting short (us) pulse from all 64-elements
and receiving on selected elements using a matrix switch.
Once the image data set is collected, RF beamforming is
performed to form standard cchographic images of the tar-
getregion. Figure 1 also shows a general post-beamforming
filter bank for analysis of beamformed data. For exam-
ple, the filter bank could be designed to perform harmonic
decomposition of beamfromed data (e.g., fundamental and
2nd harmonic imaging). Alternatively, the filter bank can
be designed to separate the linear and quadratic (nonlin-
car) components based on the 2nd order Volterra mode] de-
scribed below.

3. SECOND-ORDER VOLTERRA MODEL

Results from {4) have shown the validity of a second-order
Volterra filer as a model for pulse-echo ultrasound imaging
data from tissue mimicking media. In this section, the de-
composition of received echo, i.c., output sequences only,
into lincar and quadrati¢ components by using least-squares
approach of second-order Volterra model will be considered
and the detail of algorithm implementation to pulse-echo ul-
trasound imaging will be stated.

3.1. Sigual Separation Model

The algorithm described in this section is adapted from {5].
The response of a quadratically nonlinear system, y(n + 1),
can be predicted by a second-order Volterra model of past
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m values as follows:

yin+ )=y (n+1)+ yo(n+1)
m-1
> yln =)
i=0
m-1m-—1

+2 2 v~ - BhaUi k) +5tn), (1)

3=0 k=j

where k() is linear filter coefficients, hq(j, k) represents
Quadralic filter coefficients and £(n) is a moedelling error
and/or a measurement noise which is assumed 1o be an inde-
pendent, identically distributed(i.i.d) random variable with
zero mean. That is, if the model coefficients are known, the

* echo signal can be decomposed into linear and quadratic

components. The latter can be expected 1o better represent
the quadratic response of the system than, say, the second
harmonic component. The model coefficients can be ob-
tained by setting the linear and quadratic prediction problem
in Equation 1 to form a set of linear equations. Recognizing
that the output is linear in terms of the (unknown) model
coefficients, one obtains a matrix eguation of the form:

f=Gh+g, 2)

where the vector f, the matrix G and the error vector € are

f = fyln+1),y(n+2),...,y(n+L)T
G= [y(n)yln+1),....y(n+L-1)7
¢ = [e(n)e(n+1),..,e(n+L~1)T

where the data vector, y, is given by:

y(n) = fy(n),y(n - 1), y(n - 2),...,y(n ~m + 1),
V() yny(n -~ 1)....,1%n - m + 1)]7

and the filter coefficient vector, b, is given by:

b= [k (0),hr(1),h(2),...,hr{m - 1), .
£Q(0,0),2q(0,1),...,hg(m - 1,m - 1)]T.

The details of the solution for the coefficients of the SVE
model can be found in {6]. Briefly, 2 minimum-norm least-
squares solution of (2) is obtained using truncated stngular
value decomposition, TSVD. To assess the performance of
the signal separation model in enhancing the lesion visual-
ization, we compute the contrast-to-tissue ratio:

_ llyociis )

CTR = 10log,, (H)’QTH% 3
where llyqcllz and {lygr||2 are the I, norms of the quadratic
components from the lesion and normal tissue regions, re-
spectively. These regions are easily identified under vari-
ous imaging conditions. For instance, for the application
described in this paper, -the contrast region is the expected
location of the thermal lesion (often visibie on the standard
echographic image).




3.2. Implementation
The cocfficients of the linear and quadratic components of

the SVF model are obtained from the beamformed RF data.
The implementation steps are as follows:

1. Using the standard echographic image, select a beam-
formed RF data segment from the expected lesion lo-
cation.

2.- Form the linear systems of equations according to (2).

3. Define contrast region (within the lesion) and normal
tissue region for the computation of the mean-square
error MSE and CTR. .

4. Solve systems of linear equations by using TSVD reg-
ularization method,

5. Apply second-order Volierra filter to the beamformed
RF data throughout the pulse-echo ultrasound image.

6. The quadratic component from the SVF can be dis-

played as aseparate image or appropriately compounded

with the linear component.

4. RESULTS AND DISCUSSION

The experimental setup shown in Figure 1 was used in ob-
taining images of ex vivo tissue samples before and after
thermal lesion formation with a dual-mode 64-element ul-
trasound phased array operating at 1 MHz. The-standard
echographic images were formed by single transmit beams
{1] along the main axis of the array and dynamic receive
focusing at each pixel in the image. Results shown in (1)
confirmed that echoes from the lesion location exhibited in-
creased levels ‘of second harmonic gencration even at nor-
mal exposure conditions. Figure 2 shows the RF data along
central axis of the dual-mode array before and after lesion
formation at normal exposure level (850 W/em? for 4 sec-
onds). The figure also shows spectrograms of the RF data
(showing the frequency content of the RF echoes in the ax-
ial direction). The results show that the echoes before le-
sion formation are centered at 1 MHz with no evidence of
2nd harmonic component in the tissue region (from 80 to
120 mm). On the other hand, the spectrogram of the RF
data from the same direction after lesion formation shows a
strong 2nd harmonic component at the fesion location (90
- 100 mm). Figure 3 shows the RF data along central axis
of the dual-mode array before and after lesion formation at
normal exposure level (2150 W/em? for 3 seconds). The
spectrograms show that the echoes before lesion formation
are centered at | MHz with small 2nd harmonic compo-
nent in the tissue region (at 100 mm). The spectrogram of
the RF data from the same direction after lesion formation
shows a strong 2nd harmonic component starting at 82 mm.
This is consistent with the shape of the lesion determined by
histological evaluation [1] (tear-drop cross section with the
tip near the geometric center and the base near the front of
the sample). It is interesting to note that, in addition 1o the

increased 2nd harmonic generation, the echoes from the le-
sion appear to have wider bandwidth compared to echoes
from the same location before lesion formation. This is
reminiscent of the behavior of ultrasound contrast agents
(UCAs). Tt provides indirect evidence that bubble oscilla-
tion occurs during and after lcsion formation and lingers for
tens of seconds (in vitro depending on lesion size).

In [1] we have shown images of single shot HIFU Ie-
sions at the fundamental and SH frequencies of the dual-
mode transducer. Both imaging modes produced satisfac-
tory images of the lesion in these cases, with the SH im-
ages providing higher contrast of lesion echogenicity. How-
ever, both of these methods suffer when imaging extended
tesions. One such example is shown in Figure 4 before (left)
and after lesion formation at the fundamental (top pair), SH
(middle pair) and using the quadratic component from the
SVF (bottom pair). One can easily observe the increase in
echogenicity at the lesion location (90 - 100 mm along the
axis of the array) for all three modes. However, one can see
that the dynamic range of the fundamental image is limited
by the specklc pattern from tissue surrounding the lesion
while the SH image is limited by the beamforming artifacts.
The lesion echogenicity in this case is nearly 17 dB above
the normal tissue echogenicity in standard echographic im-
age {typical contrast is more like 5 - 7 dB). The SH images
improve the lesion contrast to approximately 25 dB com-
pared to normal tissue (22 - 25 dB typical), but beamform-
ing artifacts compromise the definition of the lesion bound-
aries in the lateral direction.

Using a beamformed echo data segment along the main
axis of the array, the coefficients of linear and quadratic
componcnts of the SVF were estimated as described in Sec-
tion 3.2, The quadratic components of the beamformed RF
data were filtercd out at all pixel locations. The images be-
fore and after lesion formation are shown in Figure 4 at 40
dB dynamic range. One can see quite clearly that the grating
lobe components visible in the 2nd harmonic images arc ef-
fectively eliminated in the quadratic component images ob-
tained through the SVF. In addition, the specile components
conspicuous in the standard echo images is greatly reduced.
This level of enhancement is typical and has been observed
consistently in over 100 experiments similar to the one de-
scribed in this paper. The reader can apprecialte that the le-
sion boundaries are well defined in both the axial and lateral
directions. With the significant increase in dynamic range,
one can see that both detection and mapping of thermat le-
sions is significantly facilitated by the use of the quadratic
filter based on the SVF model.

5. CONCLUSIONS

Experimental results from ex vivo tissue samples provide
the strongest evidence yet that thermal lesions exhibit non-
linear behavior as a propagation medium. Using a the SVF
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(right) normal exposure. :
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Fig. 3. RF data and spectrograms before (left) and after
(right) over exposure.

model, we have separated the linear and quadratic compo-
nents in the beamformed RF echo data and formed images
from the quadratic components. The quadratic component

images show significant enhancement in lesion visualiza-
tion due to:

1. They directly exploit the nonlinear nature of freshly
formed thermal lesion (possibly due to formation of
microbubbles).

2. Quadratic component combines both low frequency
(close to dc) and harmonic frequency in forming non-
linear echoes. This simultaneously reduces speckle
and beamforming artifacts without loss in spatial res-
olution.

3. The quadratic kernel of the SVF rejects the additive
white Gaussian noise components which significantly
improves the SNR of the imaging system and enhances
the visualization of low echogenicity regions in the
image.

1438 — 2002 IEEE ULTRASONICS SYMPOSIUM

Axial (mm)
Axtat trmm)

Axial (rnem)

Axinl (mm)

Axisl (mm)
Axtal (rmm)

-1 ] 0 -10 ) 0
Laveral {mm) Laterd ()

Fig. 4. Images before (left) and after (right) formation of

lesion. Top: standard echo. Middle: second harmonic. Bot-
tom: Quadratic.
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Appendix 4

Nonlinear Imaging Methods for
Characterization of HIFU-Induced Lesions

Hui Yao. Pornchai Phukpattaranont and Emad S. Ebbini
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ABSTRACT

Nonlinear ultrasonic imaging methods (like pulse inversion! and quadratic imaging
based second-order Volterra filter®) are used in visualization of lesion formation
in freshly excised tissue. Both of these methods are more sensitive to nonlinear
echoes (e.g., due to micro-bubbles) than standard B-mode imaging. While all three
methods typically show increased echogenicity at the lesion location, the nonlinear
methods exhibit more localized echo enhancement than B-mode imaging. There-
fore, nonlinear methods are potentially better suited to lesion mapping for purposes
of image guidance. Quadratic images have the added advantage of a significant in-
Crease in image dynamic range and noise reduction (a major limitation of pulse
inversion imaging). The results shown in this report continue to support the hy-
pothesis that micro-bubbles play an important role of lesion formation. In this
paper, we present imaging results before and after volumetric lesion formation in
ez vino tissue. The results illustrate the advantage of nonlinear imaging methods
compared to conventional B-scan imaging in terms of accurate mapping of lesion
size and location.

Keywords: Noniuvasive surgery, image guidance, treatment monitoring, ultrasonic
imaging, phased arrays. autoregressive modelling.

1. INTRODUCTION

We have used a dual-mode array described in® to form HIFU-induced thermal le-
stons in freshly excised degassed tissue under a variety of normal exposure and over
ezposure conditions. Single-transmit focus images were collected for over 100 lesions
before and after lesion formation. These images have consistently shown 3 - 7 dB en-
hancement in the echogenicity from the lesion location in the standard echographic
images. These results were much more consistent than the reported “Hashes” on the
B-scan images when diagnostic ultrasound systems are used to monitor HIFU lesion
formation. Motivated by the excellent investigation by P. P. Lele reported in® we
"z hypothesized that this change in echogenicity is due to stable microbubbles that
.can occur even at low insonation levels. Lele found that subharmonic emission due
to microbubbles showed a monotonic increase with intensity from 150 mW/em? to
1300 W /em? without a distinct threshold for emission (measurements done in vitro

Other author information: L-mail: emad@ece.umn.edu
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and in vivo at 2.7 and 1.8 MHz). The consistency of the increase in echogenicity
at the lesion may be explained by the fact that the microbubbles may already be
resonant at the imaging frequency (same as the therapeutic HIFU beam when the
dual-mode array is is used), perhaps a result of rectified diffusion.

The standard echographic images at the fundamental, however. offer limited
contrast enhancement due to the speckle phenomenon. Therefore, they could not
provide a reliable method for mapping the boundaries of HIFU-induced lesions. This
tead us to try to exploit the nonlinear nature of the microbubbles to enhance the
visualization and mapping of thermal lesions. The idea was that, if microbubbles are
indeed present at the lesion location. they will generate nonlinear echoes that may
be better suited for mapping. We have initially investigated second harmonic (SH)
imaging as a means of enhancing the lesion contrast for improving the visualization
of these images. SH images of thermal lesions have shown increase in the contrast on
the order of 22 - 25 dB. but with decreased dynamic range of the resulting images.2
A post-beamforming nonlinear compounding algorithm was shown to improve the
contrast in lesion echogenicity 1o 30 - 35 dB without loss in dynamic range.” This
was achieved by compounding the fundamental and the SH images using spatial
compounding functions based on the receive beamforming characteristics of the
dual-mode array at the fundamental and the SH frequencies. In this paper. we use
a conunercial imaging scanner with modifications to allow pulse inversion imaging in
addition to standard B-modé imaging for the visualization of freshly excised tissue
before, during, and after the formation of HIFU lesions.

2. NONLINEAR IMAGING METHODS
2.1. Pulse Inversion Imaging

This method was recently introduced by Burns and coworkers® for enhancing con-
trast echoes in contrast-assisted pulse-ccho imaging. The basic implementation of
this method entails the use of two pulses per image line. These pulses are carefully
designed such that. ps(¢) = ~p(t - Tr), where T}, is some appropriate delay (on

the order of the pulse-echo time from the maximum depth of interest). Summing

the echoes resulting from the two pulses eliminates the odd-harmonic components .
from the echo signal (including the fundamental) while doubling the even-harmonic
(mostly second) components. This method currently represents the leading ap-
proach for contrast-agent imaging, especially with low concentration and/or very
low transmit signals to minimize the generation of tissue nonlinearity.

2.2. Quadratic Imaging Based On SVF

We have recently developed a new nonlinear imaging system based on the SVF.?
This has a number of advantages when compared to PI imaging (e.s. requires only
a single pulse per line and increased dynamic range).




2.2.1. Second-Order Volterra Model

Results from® have shown the validity of a second-order Volterra filer as a model
for pulse-ccho ultrasound imaging data from tissue mimicking media. In this sec-
tion, the decomposition of received echo, i.e.. output sequences only. into linear
and quadratic components by using least-squares approach of second-order Volterra
model will be considered and the detail of algorithm implementation to pulse-echo
ultrasound imaging will be stated. A

2.2.2. Signal Separation Model

The algorithm described in this section is adapted from.*  The response of a
yuadratically nonlinear system, y(n+1). can be predicied by a second-order Volterra
model of past m values as follows:

yn+l) = yr(n+1)+ yoln+1)

m-1 m-~1m-=1
= Yy =ik} + 33 y(n - Dyl - k)holik) + £(n). (1)
=0, =0 k=j

where Az (2) is lincar flter coefficients. hgy(j, k) represents quadratic filter coefficients
and ¢(n) is a modelling error and/or a measurement noise which is assumed to be an
independent. identically distributed(i.i.d) random variable with zero mean. That is,
if the model coefficients are known. the echo signal can be decomposed into linear
and quadratic componems. The latter can be expected to better represent the
quadratic response of the system than, say. the second harmonic component. The
model coelficients can be obtained by sctting the linear and quadratic prediction
problem in Equation 1 to form a set of lincar equations. Recognizing that the
output is linear in terms of the (unknown) model coefficients, one obtains a matrix
equation of the form:

f=Gh +e, (2)

where the vector f, the matrix G and the error vector ¢ are
= yn+,yn+2)..... yn+ L)T

f
G= [y(n),y(n+1).....y(n,+L—1)}T
€ = [e(n)s(n+1).....s(n+ L-1)]7.

where the data vector. y. is given by:
ym) = [y(n).y(n - 1).y(n = 2),...,yln - m ¥ 1).
Vn)yn)yn=1),....0%n -m + n’r

and the filter coefficient vector, h. is given by:

b= [ (0).2(1), he(2).... he{m - 1), N
hqg(0.0). hg(0.1). ... hg(m - 1.m ~ 1)]7.

The details of the solution for the coeficients of the SVF model can be found in.?
Briefly. 2 minimum-norm least-scuares solution of (2) is obtained using truncated
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singular value decomposition. TSVD. To assess the performance of the signal separa-
tion model in enhancing the lesion visualization. we compute the contrast-to-tissue
ratio:

llyeclis

CTR = 10log,, (——;> (3)

llyorll3
where {lyocll: and llyerll2 are the Is norms of the quadratic components from the
lesion and normal tissue regions, respectively. These regions are easily identified
under various imaging conditions. For instance, for the application described in
this paper, the contrast region is the expected location of the thermal lesion (often
visible on the standard echographic image).

2.2.3. Implementation
The coefficients of the linear and quadratic components of the SVF model are

obtained from the beamformed RF data. The implementation steps are as follows:

L. Using the standard echographic image, select a beamformed RF data segment
from the expected lesion location.

2. Form the linear systems of equations according to (2).

3. Define contrast region (within the lesion) and normal tissue region for the
computation of the mean-square error MSE and CTR.

4. Solve systems of linear equations by using TSVD regularization method.

3. Apply second-order Volterra filter to the beamformed RF data throughout
the pulse-echo ultrasound image.

6. The quadratic component from the SVF can be displayed as a separate image
or appropriately compounded with the linear component,.

3. EXPERIMENTAL SETUP

Figure 1 shows a simple arrangement for the formation of HIFU lesions in freshly
excised and degassed porcine livers samples. The therapy transducer is a 1.5 MHy
single-element spherical-shell transducer with a radius of curvature equal to its di-
ameter and equal to 63.5 mm (Etalon. Lizton. Indiana). The transducer is fixed to
the back of a small tank as shown and driven by a power amplifier (ENI. Rochester.
NY) and a programmable function generator. This assembly can be used in gen-
erating a variety of amplitude-modulated HIFU bursts from teus of milliseconds to
several seconds long and intensities up to 3000 W/cm? (conservative estimate).




Therapy Transducer (Thx Tx)
. Imaging Transducer {Ix Tx)

Acoustic Window

Figure 1. Experiment setup used for formation of HIFU lesions using & single-
element. transducer attached to the of the tank with an imaging probe monitoring
a cross section of the lesion through an acoustic window. '

3.1. Real-time Imaging

Real-time imaging is performed using a modified Technos MP system from ESAOTE.
Genoa. Italy. The system is modified to allow imaging in pulse inversion mode in
addition to normal B-mode imaging. In addition. a hardware module for capturing
high-quality beamformed RF data allows us to capture and upload up to 60) seconds
of full frame data with a specitied frame rate. A CA 421 convex probe was used in
acquiring image data for this paper. Image data was acquired in pulse inversion (PI)
mode with a 2-cycle transmit pulse centered at 1.57 MHz. The imaging transducer
was aligned so that the image planc is z - y plane (to allow imaging a cross section
of the lesion). However, imaging in the £ - 2 plane was often used. especially for
imaging discrete (single-shot) lesions (to allow imaging the lesion along the axis of
the therapeutic array).

3.2. Leéion Formation

Volumetric lesions were formed by continuously driving the therapy transducer while
moving the sample holder in a raster scan with the stepper motor. The motor speed.
input voltage protile, and line spacing in the raster were changed to produce a variety
of volumetric lesions that can be characterized as over ezposure, normal exposure
or under ezposure.




4. RESULTS AND DISCUSSION

The experimental setup shown in F igure 1 was used in obtaining images of ex mvo
tissue samples before and after thermal lesion formation with the spherical therapy
uransducer. This setup was designed to allow comparisons with our a dual-mode
64-clement ultrasound phased array operating at 1 MHz described in.> Results

~shown in? confirmed that echoes from the lesion location exhibited increased levels

of second harmonic generation even at normal exposure conditions. In this paper,
we show imaging results from continuous exposure at 1800 W/cm? while the tissue
is moved in a raster scan 10 x 10 mm with raster lines parallel to the face of the
imaging transducer (1 mm spacing). The motor speed was set at 2 mm/s thus
giving an exposure time of roughly 1 second at one location in the focal plane of
the therapeutic transducer. but larger in the prefocal region. Figure 2 shows a cross
section of the tissue after lesion formation with conspicuous thermal lesion in the
upper left corner. The cross section conforms approximately 1o the programmed
pattern with distortions most probably due to deformation of tissue as it was cut-
without fixing. The tissue is positioned so that the therapeutic transducer is aimed
upwards into the imaging planc and the imaging transducer is imaging downwards,
Gross measurements of the cross section of the lesion shows a lateral extent of 10
nun and an axial extent of 12 (with respect to the imaging transducer).

Figure 3 shows B-mode (left), PI (center), and quadratic (right) images before
(top) and after lesion formation. All imaging modes show enhanced echogenicity at.
the lesion location at an axial distance of 145 mm from the imaging transducer. The
Pl and quadratic images show a smaller size hyperechoic region with lateral extent )
of about 12 mm compared 10 13 mm in the B-mode image. The axial extent of the
hyperechoic region is 11 mm in the PI image and 10 mm in the quadratic image.
It was diflicult 10 determine this value in the B-mode image due to the interference
of the speckle pattern in tissue. This result is typical. i.e. the PI data gives a more
accurate map of the lesion than B-mode data.

Comparing the quadratic and B-mode images, onc can see the speckle compo-
nents conspicuous in the standard echo images is greatly reduced.. This level of
enhancement is typical and has been observed consistently in over 100 experiments
similar Lo the one described in.2 The reader can appreciate that the lesion bound-
aries are well defined in both the axial and lateral directions. With the significant
increase in dynamic range. one can see that both detection and mapping of thermal
lesions is significantly facilitated by the use of the quadratic filter based on the SVF
model. It is also interesting to not the remarkable similarity between the PI and
quadratic images. except that the latter has more than twice the dynamic range.
These results are also typical and represent the potential advantage of the quadratic
processing versus pulse inversion. The result can be understood by keeping in mind
that both methods are sensitive to the harmonic content of the RF data, but they
differ in their respective degrees of suppressing the noise component; the quadratic
signal being far superior in this respect.




Figure 2. A section of a volumetric lesion in an ez vivo porcine liver sample.

5. CONCLUSIONS

Experimental results from ez vivo tissue samples provide compelling evidence that
thermal lesions exhibit nonlinear behavior as a propagation medium. Nonlinear
imaging methods were used to separate the linear and nonlinear components in
the beamiformed RF echo data. PI images confirmed the presence of strong 2nd
harmonic component. in echoes from lesion location. The quadratic component,
images (obtained through SVF) show significant enhancement in lesion visualization
due to:

L. They directly exploit the nonlinear nature of freshly formed thermal lesion
(pussibly due to formation of microbubbles).

2. Quadratic component combines both low frequency (close to dc) and harmonic
frequency in forming nonlinear echoes. This simultaneously reduces speckle
and beamforming artifacts without loss in spatial resolution.

3. The quadratic kernel of the SVF rejects the additive white Ganssian noise
components which significantly improves the SNR of the imaging system and
enhances the visualization of low echogenicity regions in the image.

Efforts to further characterize eclio signals from the different imaging methods and
correlate them to the state of the tissue are currently underway.




Figure 3. B-mode (left). pulse inversion (center), and Quadratic images before
(upper) and immediately after (lower) formation of volumetric lesion. Dynamic
range: B-mode 60dB, PI 30 dB. Quadratic 75 dB.
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'-Appendix 5

Postbeamforming Second-Order Volterra Filter

for Pulse-Echo Ultrasonic Imaging
Pornchai Phukpattaranont and Emad S. Ebbini. Member, IEEE '

Abstract—We present a new algorithm for deriving a
second-order Volterra filter (SVF) capable of separating lin-
ear and quadratic components from echo signals. Images
based on the quadratic components are shown to provide
contrast enhancement between tissue and ultrasound con-
trast agents (UCAs) without loss in spatial resolution. It
is also shown that the quadratic images preserve the low
scattering regions due to their high dynamic range when
compared with standard B-mode or harmonic images. A
robust algorithm for deriving the filter has been developed
and tested on real-time imaging data from contrast and
tissue-mimicking media. Illustrative examples from image
targets containing contrast agent and tissue-mimicking me-
dia are presented and discussed. Quantitative assessment
of the contrast enhancement is performed on both the RF
data and the envelope-detected log-compressed image data.
It is shown that the quadratic images offer levels of enhance-
ment comparable or exceeding those from harmonic filters
while maintaining the visibility of low scattering regions of
the image. Co

1. INTRODUCTION

‘I.'\’ii}\'.l'_‘.-\sifﬂn‘ mrerest in extending the capabilities of ul-

rrasonnd imaging by utilizing uitrasound contrast agents
{UCAs) has lieightened the need for more suitable imaging
techniques. In standard B-mode imaging. UCAs increase
the echogenicity from perfused tissues [1]. This results in
umproved endocardial border detection in left ventricular
opacificatiou. which leads to a better analysis of wall mo-
tion abnormalitics [2]. Nevertheless, in the myocardium
where the ratio of blood volume to tissue is quite low
{approximately 10% [3]), the backscatter from the small
mumber of microbubbles in vessels can be dowminated by
echoes from surrounding tissue. In this occurrence, stan-
dard B-mode imaging offers inferior UCA detectability in
the presence of tissue, stated as agent-to-tissue ratio [4].
In order to increase the sensitivity of UCA detections, var-
ious new imaging techuiques {5]. [6] have been developed
by employing some specific acoustic signatures of UCAs,
such as nonlinear and transient scattering.

Imaging techniques based on nonlinear oscillations have

heen designed for separating and enhancing nonlinear

UCA echoes from a specified region of interest within the

“imagmg field. including second harmonic (SH) B-inode
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imaging and - pulse iuversion (PI) Doppler uaging 7
The SH imaging employs a fundamental frequency tians
mit pulse and produces images from the secoud harnwnie
component of received echoes by using a second hariony
bandpass filter {BPF) to remove the fundumemal ire-
quency. In order to increase UCA detection seusitivity i
the limited transducer bandwidth condition. spectral over-
lap between fundamental and second harmonic parts need
to be minimized by transmitting narraw-band pulser ve
sulting in an inherent tradeofl between contrast and <pa
tial resolution. :

In PI imaging. a sequence of two mverted acoustic
pulses with appropriate delay is transmitted wmto tissue.
Images are produced by summing the corresponding rwo
backscattered signals. In the absence of tissue motion. the
resulting sum can be shown to contain only even haruonics
of the nonlinear echoes [7]. The PI imaging overcomes the
tradeoff between contrast and spatial resolution because it
utilizes the entire bandwidth of the backscattered siguals
[7]. As a result. superior spatial resolution can be achieved]
when compared with SH imaging. Moreover. it has been
shown that Pl imaging can be operated in a continuous
imaging mode with low mechanical indices {Mlsj '8! The
PI imaging is sensitive to tissue motion because it is a
multiple pulse technique: therefore. PI detection is com-
bined with Doppler detection leading to a new techniqgue
called PI Doppler. The PI Doppler utilizes the advantages
from both detection schemes and circumvents the tissue
motion problens [7]. Nevertheless. an inherent multipulse
technique of PI imaging results in the reduction of imaging
frame rates.

‘In order to detect backscattered signals due o UCAs in
pulse-echo ultrasound imaging with single transmit pulse.
per line and overcome the tradeofl between conutrast aud
spatial resolution, we have developed a new imaging tech-
nique based on the Volterra filter [9] The Volterra filter
is a dymamic filter that operates in parallel on the hu-
ear. quadratic. cubic. etc.. signal components to produce
its output. It has a discrete convolutional forin with finite
memory that is commonly used in nonlincar DSP [AU:
Define DSP on first use.] applications [10]. While the
Volterra filter output isnonlinear in terms of the wmput
data, it is linear in terms of its coefficlents. As a result.’
linear processing can be applied to identifv \olterra ker-

-nels (i.e.. filter coefficients). The identification of Volietra

kernels has been demonstrated in several applications "1,
:11]. For example. the linear and quadratic Volterra ker-
nels identified Ly an adaptive fltering algoritinn hased o
recursive least-squares approach of a second-order Vol

(R35-13010"$10.00 T 2003 IEEE
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modec] are applied to separate the linear and quadratic re-

sponses of a tension leg platform [12].

In this paper. we present postbeamforming nonlinear -

filter based on the second-order Volterra filter (SVF). The
filter is capable of separating linear and quadratic compo-
nents from UCA-backscattered signals. Filter coefficients
can be identified by forming a systemn of linear equations
from a beamformed RF data segmnent in the UCA or tis-
sue region and obtained by solving a minimum-norm least-

" squares (MNLS) problemn. It is shown that the system iden-

tification ‘approach to a nonlinear ultrasonic i imaging is ro-
bust and can be applied to form nonlinear images through-
out the imagiug field. i.e.. not confined to the region where
the filier coefficients were derived. Images produced from
quadratic output of the SVF nodel exhibit. excellent con-
trast enhancement without. loss in spatial resolution. In
addition. quadratic images have increased dynamic range
compared to standard B-mode and harmonic images allow-
mg the preservation of image features along with contrast
improvement.

1I. THEORY

For simplicity and without loss of generality, we illus-
trate the nonlinear postbeamforming algorithin using the
SVF model. The algorithun described in this section for de-
riving the filter coefficients of the SVF extends to higher
order iu a straightforward manner. Initial experieuce with
this model indicate that it is largely sufficient for tissue re-
sponse. Furthermore, the SVF is computationally feasible
for real-time application with today’s technology, which
makes it more attractive from the implementation point
of view.

A, Seecond-Order Volierra Model

Results from [9] have shown the validity of a SVF as
a model for pulse-echo ultrasound pulse-echo data from

tissne mimicking media. An input-output system identifi--

cation approach was used to estimate the coefficients of
the linear and quadratic components of the SVF in the
frequency domain. However. while the system identifica-
tion study was necessary to establish the applicability of
SYVF to ultrasound pulse-echo data, it is not useful for
imaging purposes as it requires access to both the input
and the echo data from distinet scatterers in the tissue-
mimicking media. An appropriate approach for imaging
operates on the beamformed RF data to separate the lin-
ear and.quadratic components regardless of the input. This
signal separation approach allows us to extract the linear
and quadratic signal components from the beamformed
data to formn linear and/or quadratic images separately or
compounded. In this paper. we emphasize the quadratic
inages obtained from the SVF wodel based on a Jinear
amd caadratie predietion nmodel of heanforuer owrput de-
seribed i the remainder of this section.

e ) - O.Am
u(n)
Beamformer -~ -—-e
s n(nk) - Fon

Fig. 1. Separation of beamformed RF data inte lincar and quadrats
components using the S\F.

1. Signal Separation Model: Fig. 1 shows a simple block
diagram of the imaging system based on SVF. The S\'F
operates on the beamformer output to produce the lincar
and quadratic components. i, (n) and dg(n). respectively.
Estimates of the total beamformer outpat can be obi ainied
from these components simply by adding them

@(n) = dr(n) + woin). (1

where i(n), 4r(n), and dg(n) are the total. linear. and
quadratic estimations. respectively. The separation of the
linear and quadratic components can be achieved once
the coefficients of the kernels, Iz (¢} (linear). and hota b
(quadratic) are found. In the following subsection. we de-
scribe a MNLS approach for determining these coefiicients.

2. The MNLS Estimation of SVF Corfficients: The re-
sponse of a quadratically nonhnear systern with memors.
i{n + 1) can be predicted by 2 {discrete} second-order
Volterra model operating on the m past samples as fol-
Jows

m=1 .
aln+ 1) = Y u(n — 7)hL(z)
’ =0

+ D uln = giuln = kihglj k. (2)

where i (?) is linear filter coefficients. and ho(j. k) repre-
sents quadratic filter coefficients. Note that while 4fn + 1)
is nonlinear with respect to the beamformed data. i1 is
linear with respect to the coefficients of the linear and
quadratic kernels of the SVF. Recoguizing this fact. one
can rewrite (2) in vector formn

i(n+1) =u’ (mh. . t3
where the data vector. u(n), is defined at sample 1 as
s

w(n) = fuln). u(n =1, uln=2).... . uln—~m+ 11

2 2 i
v (n). wfnuln ~ 1).... . w™in - i~ 1)
and the filter coefficient vector. h. can be exprossed os

h= :]:‘I.i’(l). A1) hp(2)oo by tan = 10,
ho(0.0). ko(0.1). o . Egin = 1o — 157




PHURDP \TT'\R ANONT AND EBBI'\I PO:TBEA\"‘OR\H'\G SECOND-ORDER VOLTERRA HLTLR ;

w here m is the system order and superscript 7 denotes the
transpose. The total number of independent. filter coeffi-
cients, N. is‘equal to (m> + 3m)/2 assuming a symmetri-

cal quadratic kernel (i.e., hq(j. k) = he(k. ). Similarly,

d{n+2).aln+3n..., u(n-.- M) can be represented in the
form of {3) and expressed in the matrix form

f=GCGH, (4)
where the vector £ and the matrix G are defined as

f=luln+1un +.2), coeu{n+ M)].T

and

G=lu(n),un+1).....uin+ M -1)7

where Al is the number of linear equations (observations).
The linear and quadratic filter coefficients can be esti-
mated by sceking an appropriate solution of (4). Well-
known solutions to {4) ‘are the least squares (LS) solu-
tion for the overdetermined case {more constraints than
unknowns) and the minimum norm (MN) solution in the
underdetermined case (less constraints than unknowns) A
MNLS solution can be obtained by

hiines = Gif. . (5)

where GT s a generalized inverse [13]. This solution ap-
plies to both the overdetermined and underdetermined
cases as w0 accounts for the effective rank of the matrix
G. In general. G could be rank deficient. i.c.. has rank
r < min{M. N} When this is the case. there are infinite
numher of solutions to (4) that produce the same LS er-
ror, [if - Gh;glf*. The MNLS is the umque solution t¢
(4) with mininmm norm. i.e.. |fhynisl® < < lbLsll® Yhes.
The singular value dec: omposmon {SVD) of G is given hy

G=UzV7T

Sowsl. (6)

=1

and
Gi=vstyu”

- —
‘
=3 Lvar, "

i=1 !
where ¥ is a Al x N diagonal matrix with singular val-
ues g 2 g2 2. 20 > 0= ... =0,=0(p=
min{ ML N}, The matrices U (A7 x M) and V(N x N)
ave foried from the colmms {u,}M, and {v.}2,. which
are the orthogonal eigenvectors of GGT and GT G. respec-
tively {13]. Using (7), the MNLS sohution to (d) is then
given I))

r T )
L (8)

hynypg =
=1
Note that. if G is full rank. the MNLS is equivalent to the
LS salution in the overdeternined case and to the MN solu-
tion i the'underdetermined case. For example. for A/ < X
tunderderermined). haivig = han = 6T(GGT) -1

B. Regularization

The SVD of G forms a basis for regularization by ap
propriate selection of singular modes that enhance the re-
constructed image in some sense. There are a mber of
approaches for regularization of (8). includiug single pa
rameter and rank reduction regularization 14] The Iat-
ter, sometimes referred to as the truncated sinenlar value
decomposition (TSVD), produces a so'ution In triuncat.
ing the number of singular modes of G with the staihest
singular values below a certain threshold. Tle fth order
TSVD solution is given by

k »
ulf
=Y 2l u,

i=1

where the truncation parameter k < 7. also known us the
rank of the approximation. is the number of singular e jes
used to compute the estimate.

The regularization is guided by the mean squarc etror
criterion. approximated by

E(k) = 10log,, (!L_?}-ﬂ ) . i1

where || - ||* is the I norm.

In the context of the linear and quadratic predxcrum ap-
proach taken in this paper. the MSE decreases monotoni-
cally with k. A criterion for choosing an approprate vaine

“of I is needed. In the context of contrast-agent imaging.

an obvious criterion is the contrast-to-tissue ratio : (TI
Pc
CTR = AOIO{I,O . tily
PT _

where P is the average power of signals in a UCA region.
and Pr is the average power of signals in a tissue region
The average power of signals in a given region. P. can be
expressed as

i J

, TD:I—IJ- S Al . (1)

=] ;=1

where x,; is the signal in that region. Note that the CTR
used in this algorithm is determined from quadraric com-
ponents of the SVF model. The CTR provides a meaning.-
ful stopping criterion for TSVD since E(k) is monotoni-
cally decreasing or nonincreasing with %

One may use a variety of methods to obtain a regular-
ized solution to the set of equations involving the \olteria
kernels. Examiples are liear or nonlinear progranmme m
cases when certain constraints on the filter coefficients are
known to apply (e.g.. positivity) or penalized maxihmum
likelihood when known statistical properties of the data
can be incorporated. A powerful approach seeks a <ojuting
to a constrained optimization problemn of the form
Gh=f. RS

rﬁin R? subject to

Q
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where R? is an appropriately chosen quadratlc ritio to be’

minimized (e.g.. inverse of CTR) For example. R* can be
chosen to reflect the inverse of the CTR before log com-
pression. In general. it can be any quantity that depends

" on the solution hq that is to be minimized. This leads to
a modified form of the TSVD given here

. .
o; .

he= ) ———ulfv,. 14

k , ; 0','2 T 7]\,;_ i i ( )

where + is an appropriately chosen threshold, and R%is

()llddrdtl(‘ ratio resulting from the quadratic kernel ob—
tained from the ith singular mode. Regardless of the reg-
ularization procedure, the fundamental result here is the
use of the linear/quadratic prediction to obtain a set of in-
dependent equations that can be solved robustly to obt:un
the Volterra ﬁlter kernels.

C. Quadratic Images

Quadratic images are obtained from quadratic compo-
neuts of ihe second-order Volterra model. The coefficients
of the SVF are derived from the beamformed RF data
takeu from a representative regiou on a standard B-mode
image Details of the alvomhm to produce the quad atic
image are as follows.

From the standard B-mode image; a UCA region and
a tissue region are defined for the CTR computation. The
definition of the CTR reference regions depends on the
maging target are described in Section II1-C. In general.
we Ty to find regions at the same depth and with the

same beam angle with respect to the axis of the imaging -

array. Furthermore, whenever possible, we chose multiple
overlapping subregions to obtain multiple CTR value= at
differemt depths.

Once the CTR reference regions are defined. a segment
of RF data from an axial line is selected to form a Sys-
tew of hnear equations according.to (4). This segment
can be selected from the tissue or the UCA region as long
as the appropriate regularization of the MNLS solution is
sought. For example. when TSVD is used for regulariza-
tion. CTRs of quadratic signals calculated from various or-
ders of TSVD solutions are collected. With a defined range
of system orders, a CTR plane as a function of truncation
parameters aud system orders is determined. Filter coef-
ficiems for the quadratic imaging generation are obtained
frons a truncation parameter and a system order that give
the highest CTR value in the CTR plane. Of course, the
TSV'D approach can be used to obtain the coefficients of
the quadratic kernel. ho(i, j), for a predetermined filter
order m. This may be necessary from the implementation

point of view. when the size of the kernel is to be kept at

managealile level. The results presented in this paper are
obrained with low-order filter to emphasize the practicality
of the Volterra filter approach: , :
The guadratic image is produced by applying the
auadraiic filter coefficients to the heamformed- RF.data
throughout the standard B-mode image to estimate the

]

Start

‘From a Stanadard hchoﬂraphx( lm.loc Define
. A Conurast Region:
’ A Tissue Region
A Segmeni of the Beamformed KF dazx
System Orders. o fiom Mo ¢

“"Form a System of
Linear Equations
. I=Gh
——
Compute SV of G

I |
Determine Filter Coefficients from je it
lho k:h Ordu l S\VD Sulutmn 4

h 4

Compute and
Collcct the CTRs

NC
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v

NO
Je0r -
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e e Yo -
Generate 2 Quadratic image {rum
Filter Coefficients that Give the
Maximum TR

v

fnd

Fig 2 A fiowchart of the algorithm for quadratic image generation.
quadratic component

-m=lm-1

ag(n+ 1) = Z Z u{n —J)u{h = kYho(g. I,

=0 k=j ll)'

" where 1o j. k) is the estimated quadratic I\emel fextracied

from h\n\l.s) A flowchart of th:s dlﬂorxthm 18 shm\n in
Fig. 2

-

D. Harmonic Imaging

Second harmouic imaging is based ou fillering the RF
data with a zero-phase linear BPF centered at twice the
fundamental with restricted bandwidth to nunimize the
overlap between the fundamental and the second har-
monic. The apyroach is appropriate for native harmouic
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imaging. However. when imaging UCA. the echo data

from the UCA regions tends to have wider bandwidth

when compared with echoes from tissue regions. There-
fore, to obtain the highest possible contrast with a lin-
ear harmonic filter, we varied both the center frequency

and the bandwidth of the filter and computed a CTR_

plane as a function of these parameters. This approach
produced superior results compared to standard SH imag-
ing. Harmonic imaging results shown in Section IV are
obtained with the optimal linear BPF designed using the
Parks-McClellan algorithm [18]. All linear filters ised in
this paper were implemented in a zero-phase realization
(4(n) = h(n) x h(=n) s 2(n) or Y(f) = |H(f)2X (f)) The
order of the filter was chosen to achieve 50 dB stopband
attenuation and 0.5 passband ripple.

111. MATERIALS AND METHODS

Imaging results shown below demonstrate the contrast
enhancement achieved by the postbeamforming SVF in the
context of contrast-agent. imaging in tissue-mimicking me-
dia. Two imaging targets with two imaging probes are used
to demonstrate generality and robustness of the approach.

A. Contrast Agent
The contrast. agent. BRI4 (Bracco Research S.A..

Geneva, Swiizerland). was used. The BR14 is a new ex-
periniental agent that consists of high molecular weight

* gas bubbles encapsulated by a flexible phospholipid shell

A 0.125 mL sample of BR14, prepared with 5 mL of 0.9%
saline. was diluted in 500 ml, of 0.9% saline leading to
a 1:4000 dilution. u addition to BRI4. cellulose particles
(Sigma Cell Type 20. Sigma Chemical Co.. St. Louis, MO)
were used as linear scatterers in the flow channe] target de-
scribed below. .

B. hnaging Targets

Images of two targets from two experimental setups
were used to evaluate the performance of the quadratic
imaging technique. The first experimental setup is shown
in Fig. 3. The target is the L-shaped tissue-mimicking
phantomn in a beaker containing a dilution of BRI14.
The BR14 was constantly stirred by a magnuetic stir-
rer. A MEGAS scanner (ESAQTE S.p.A.. Genova. ltaly)
cquipped with a 2-MHz phased array probe was used for
image acquisition. The RF data acquisition was performed
with 15-bit resolution at 40-MHz sampling frequency and
without time gain control (TGQ). This experiment allowed

us o compare echoes from three different locations: the -

L-shaped tissue-mimicking phantom. the BR14. and the
echo-free region visible in the scan. The significance of the
latrer is that any signal components observed in this region

o are largely anmifacts from beamforming and/or reverhera-

tion. It should bée noted. however. that there may be a

Phased Arrav

Tissue Mi';uicking
.-Shaped Phantorh

BRI14 , _
Echo-Free Region
Contrast Agem> ¢ho-Free Regiu

N Visible in the Sean

Beaker}--

Fig. 3. Schematic for the imaging setup for the L-shaperd phlantom
surrounded by the UCA.
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_Fig. 4. The imaging setup for the flow phantom.

small backscatter component present due to the bean: re- ,
flections at the beaker. but this is hard to quantify in the .
presence of the contrast agent. Despite this limitation. it
is interesting to compare the nature of the image pixels in
this region from the three imaging methods.

The second experimental setup. shown in Fig. 1 was
used in obtaining images of a flow phantom {Model 524:
ATS Laboratories. Inc.. Bridgeport. CT) containing four
flow channels with diameters 2. 4. 6. and 8 mmn embedded
in rubber-based tissue mimnicking material. The flow phan-
tom was connected to a flow system with a roller pump
(Model 77200-G0: Cole-Parmer Instrument Co.. Vernon
Hills. IL). Subsequently. the diluted BR14 and cellulose
particles were circulated. In addition. the diluted BR14
was constantly stirred in a beaker using a” magneric hot
plate stirrer (EW-8430320: Corning Inc Corning. NY').

This experiment was desigued to compare linear
backscattered signals from cellulose in rhe 8-mm diame-
ter flow channel with nonlinear backscattered signals from
BR14 in the 6-mm diameter flow channel. The RF data
were recorded and saved for later processing by the Tech-
nos ‘MP- ultrasound systemi :ESAOTE $.p.A.. Genova,
Traly) with a convex array prob» 1 CAL21: ESAOTE &0 4.
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Genova. Italy) located perpendicularly to hoth the UCA
and the cellulose flow channels. The RF data were acquired
with 16-bit resolution at 20-MHz sampling frequency and
without TGC A 3-cycle pulse at 3.13 MHz was transmit-
ted to produce standard B-mode images.

C. Quantitative 4nalysis

After the RF data corresponding to standard B-mode
images were collected from experimental setups described
above. quadratic images were obtained using the algorithm
described in Section 11-C. For comparison, harmonic im-
ages were produced by filtering the standard B-mode im-
age with bandpass filters with center frequencies and frac-
tional bandwidths chosen to maximize the CTR (defined
by (111) as described in Section 11-D.

1. CTR Computations: The CTR was used for com-
parison between the 1mage data in the RF domain before
scan conversion as described in (11). Size and location of
reference regions for each target are as follows. For the
L-shape phantom. 45-mm axial segments of 20 adjacent
A-lines on the tissue side and the same number on the
contrast side were used. This phantom provided an excel-
lent opportunity t6 compute CTR at multiple regions in
the contrast and tissue regions with the same depth and
the same beam angle from the axis of the imaging array.
The calculation region extends by 45 mm in the axial di-
rection (from 50 wmm to 95 min) and compnises 20 adjacent
A-lines of RF data before scan conversion. The CTR val-
nes are calculated from cells with 3.8-mm axial extent with
10 connected A-lines and 50% overlap in hoth directions.
For the flow phantom. one contrast region is in UCA flow
channe! aud the tissue region located hetween two flow
channels with the same axial extent (3 mm in this case).
Twenty A-line segments from the each region were used.

Z. Contrast Ratio: As can be seen from results given
below. the dynamic range (in decibels) of images from
¢uadratic components is approximately twice the dynamic
range of standard B-mode and SH images.- In order to
account for image perception on standard $-bit display,
all images are represented with their full dynamic range
mapped to 256 gray levels. Thar is..

A - -4miu ) -
= | ———2T0 )} x 955,
(.4",;»; - -“1min

where 4 is the log magnitude pixel values. given by

)

4= 20logyq {’[T?“}

where H{r) denotes the Hilbert transform of data vector.
roand sl > 0) is some constant (typically maxinmum am-
plitude). The data vector is the digitized RF for standard
B-made and the output of the harmonic or the quadratic
fiiter for the harmonic and quadratic images. respectively.

(16)

Amin and A4p,, are minimum and maximum values. re-
spectively. Both A, and Ap., are carefully computed
so that histograms of images cover 256 gray levels witlout
saturation. This was achieved by finding the average of the
minima (maxima) of all image lines after median filterie
This was done to ensure that the display range is ot set

by extreme values of 4, or A

From gray-level images. the contrast 1atio (CR) a5
used as the contrast measurement between any two regions
is given by

- B
\V Oy + 03

CR=

where 11 and J» are the average of gray levels. and 4. and
o2 are the corresponding standard deviations in the fivst
region and the second region. respectively

3. Histogram and Recciver Operating Characteristee
Analysis: In the imaging results shown below. we evaluate
the CTR and CR based on regions in the image represen-
tative of the UCA and tissue regions with the same num-
ber of pixels and at the same depth. When the number of
pixels in these regions is sufficiently high 10 produce mean-
ingful statistics, histogramns of the pixel data are produced
to demonstrate these statistics. In addition. 1eceiver oper-
ating characteristics (ROC) analysis {16] is performed as a
simple method for classification of the different regions. In
addition. when additional regions can be identified ie g .
low-scattering regions} in any image. the CR between tis-
sue and such regious is also evaluated. Please note that the
ROC curves are included in this paper to further quamtify
the degree of overlap between different histograms from
tissue, contrast. and low-scattering regions.

D. Resolution Meusurements

We used correlation lengths calculated from the 2D an-
tocorrelation of echoes in tissue regions as described in {171
to measure spatial resolution. Intensity images are scan
converted and uniform speckle regions were identified ro
compute the average speckle correlation cell size

Yo Cray
= e dir dy.
SC [__\' -) C](O 0) dJ “H

(19
where C;(z.y) is the 2B correlation function of the inten-
sity autocovariance function. and X and ) are taken to
be sufficiently large to allow the magnitude of the auto.
covariance to drop to negligible levels. The vertical aud
horizontal correlation cell sizes. representing the axial aud
lateral resolution. respectivelv. were used to compare spa-
tial resolution for the three mmaging techmqgues
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Fig 5 Average spectra from the coutrast (thick) and tissue (thin)
regions of the L-shaped phantom.

IV. Resurrs

A. L-Shuaped Phantor

Fig. 5 shows the average spectra of typical echoes from

the contrast and tissue regions of the [-shaped phantorm.
The average spectra were valculated by averaging win-
dowed periodogram of every echo line in regions described
n Section HI-C.1. These spectra suggest that echoes from
the contrast region have broader baudwidth compared to
the echoes from tissuelike region. As mentioned in Sec-

tion 11-D. this suggests that the best lincar filter for con-

trast enhancement may not be the standard SH flter.
Rather. a general BPF with center frequency and relative
bandwidth desigued to maximize the CTR niay be sought.
Based on this approach, we have designed a zero-pliase
BPF with center frequency of 3.2 MHz and relative band-
width of 30% to demonstrate the performance of linear
postbeamforming harmonic imaging. The quadratic filter
was derived from echoes from the tissue region according to
the algorithm described in Section 1I-C (with P=Q =10
in Fig. 2). Panels (a). (b), and (c) of Fig. 6 show" images ob-
tained using standard B-mode. linear BPF. and quadratic
imaging methods. respectively. Due 1o differences in dy-
namic ranges for the three methods. each image is dis-
plaved with its full dynamic range ‘as can be seen from
the decibel-level scale bars shown in accordance with (16).
Fig. 61d) shows four rectangular regions used for charac-
terizarion of the imaging results. Regions A; and 4. are
representative of tissue and contrast echoes. respectively-
Regions B) and Ba ware representative of tissue and echo-
free region. respectively. These regions are used for CTR
calculations as well as evaluating histograms of the recon-
structed images. Due to the structure of the target. regions
B: and By eould not be placed at the sanse depth in the ine-
age. Neverthieless. region By is representative of tissue re-

sponse and provides a valid baseline for comparison of con-
trast with the echo-free region. Bs. The standard B-mode
image (Fig. 6(a)) was obtained from the digitized RF echo
data and displayed with a dynamic range of 60 dB. The
structure of the L-shaped phantom can be rect enized with
low contrast between the UCA and the nssue-msimicking
regions. The strong specular reflection at the top of the
UCA region is due to a boundarv liver formed I the
agent at the interface with the tissne-mimicking medimm

A careful examination of the image reveals a ngher level
of contrast between the two regions at close rauge. A CTR
value of 6.69 dB was computed based on ccho signals from
regions 42 and 4, (Fig. 6(d)).

The linear harmonic BPF image shown in Fig. Gib) was
produced by filtering the RF data with baudpass filter cen-
tered around the second harmonic {3.2 MHz) with « frac
tional bandwidth of 30%. The center frequency” and the
fractional bandwidth of the harmonic filter were ciosen 1
optimize the CTR value for regions 4; and 4. in Fug Gy
The CTR value for the harmonic image (16.2 dB} is con-
sistent with the perceived enhancement clearly visible in
the image. One can also observe the loss of the specular
reflections at the top right and biottom left of the harmonic
image. This is typical since these echoes have significant
low frequency components. As expected. the speckle m the
tissue region appears finer thau that of the standard B-
maode. ' ' ‘

The quadratic image obtained using the algorithin de-
scribed in Section 1I-C is shown in Fig. 6(c) The CTR
for this image is 21.3 dB indicating contrast enhancement
over both standard B-mode and harmonic miages. One
important feature of the quadratic image is the increased
dynamic range compared with B-mode and harmonic nn-
ages. This increased dynamic range results in contrast en-
hancement without loss in image features. such as specular
refiections, which may be of diagnostic value in some cases.

Another interesting comparison among the threc im-
age results shown in Fig. 6(a)-(c) is the eclio-free region
visible at the right edge of the scan One can see that
contrast between tissue and this region in the quadratic
image is superior to that from the B-mode image. whei cas
this contrast in the harmonic image is the lowesr. This
result is significant because echo signals from this region
are largely artifacts (due to beamformng and /o1 rever ber-
ations). Quantitative measures of this contrast enhance-
ment between ‘the tissue and echo-free remons are given
below.

To further illustrate the imaging results given in Fig. 6.
vertical and horizontal lines through images are plotted
in Fig. 7. Axial lines from the three imaging techuiques
through the UCA region are shown in F ig. T{ai. One can
see that the specular reflector is all but eliminated in tie
harmonic image. while it vemains visible for the other two
methods. Further. the axial line from the guadrasic nLAge
shows no apparent loss in the axial resolution at th <pee-
ular reflection location. Lateral lines at the 90-mm depth
from the three imnaging techniques are shown in Fiz Tihe

These lateral lines pass through the UCA. tissne. wnd the
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Fig. 6. images of the beaker containing the tissue-mimicking L-shaped phantom surrounded by the LUCA from three imaging techniques
(a)} Standard B-mode. (b) Linear harmonic BPF. (¢} Quadratic. (d) Boxes indicate regions for CTR and histogram caleulations

echo-free regions. QOue can see the contrast enhancement
from the lateral line of the harmonic image compared with
the lateral line of the standard B-mode image. Most signif-
icantly. however. one can see that the quadratic image pro-
vides the maximum separation between the three regions
without apparent loss of lateral resolution. This was con-
firmed by computing the correlation cell size in the scan-
converted intensity images according to (19) [17] from the
three imaging methods in the tissue region (39 to 73 nun

axial and —20 to —14 mm lateral in Fig. 6). These values

are reported in Table .

B. Flow Charnel Phantomn

-

Fig. 8 shows the average spectra of tvpical echoes from
the contrast and tissue regions of the flow phantom de-
scribed in Section I11-B. The average spectra are caleu-
lated by averaging windowed periodogram of everv echo

line in région_;* described in Section III-C.1. As with the
L-shaped phantom result, the echoes from the UCA re-
gion exhibit broader bandwidth than those from tissue re.
gion. The standard B-mode image of the flow phantom
consisting of the UCA and cellulose in flow channels was
acquired using the experimental setup described in Ser
tion 11I-B. The image is shown in Fig. 9(a). One can sce
the backscattered enhancement due to the UCA in the 6
mm flow channel (53- to 6l-mm axial and —6 to 0 mm

lateral) compared with the surrounding tissue with C'TR

9.8 dB. The CTR was-calculated based on echo siguals
from the 6-mm flow channe! excluding the specular reflec-
tors (Box C1) and echoes from tissue at the same depth
tBox Cz). On the other hand. the echoes froni the celiniose
in the 8-mun flow channel (533 to 61 mm axial ahd 17 10
35 1mm lateral) are weaker than those from the surroundinge
tissue. A linear scarterer-to-tissue ratio {LTR) was cabo-
lated based on echo signals from the R fiow chapn-!
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) TABLE 1 )
CR. CTR. axp CORRELATION CELL Sizg VALUES FOR THE L SHAPED TAIAGING TARGET THE CTR VALUES AREF (GIVEN as Man g
DECIBELS WITH STANDARD DEVIATION IN PARENTHESES,

Imaging method

UCA/T-Mimic  T-Mimic/E-F

CTR 5. S

B-mode . 0.94
SH 2.56
Quadratic 2.16

1.51 6.65(13) 12 23
112 182(16) 1.0 1.6
1.66 21.3(1.9) 042 08
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Fig T Lines through images in Fig. 6 from threc imaging techniques
Thin- B-mode. Dash: Harmonic. Thick: Quadratic. (Top) Axial lines
through the UCA region (Bottom) Lateral Jines {at depth 90 mm)
thraugh the tissue-mimicking, UCA. and echo-free regions.
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e specira from the contrast ithickh) and tissue 1thin)

regions of the thow phantom,

{(Box C3) and echoes fromn tissue at the same depth Bon
C2). The LTR was -8.8 dB, calculated based on (111 fin
8-uun channel.

The harmonic hnage shown iu Fig 9(h) was prodnced
by filtering the RF data with bandpass filter centered
around 4.8 MHz with a fractional bandwidth of 30% The
center frequency and the fractional bandwidth of the b
monic fiiter were chosen to optimize the CTR vaine using
the method described in Section T1-D for the 1ICA and
tissue regions shown in Fig. 9(d). The CTR ¥alue ior rhe
harmonic image is 15 dB. which is consistent with the per
ceived enhancement clearly visible in the displaved image.
It is interesting to note the loss of the specular reflections -
from the contrast low channel but not from the linear scat.
terer channel. It is also interesting to note that the speckle

" in the tissue region is finer than that of the standard B-
~mode. This indicates that the optimization of the harmonic

filter resulted in a Jarger fractional bandwidth than that
of the fundamental component. The LTR for the harmonic
component jis now -7.6 dB. That is. the harmouic image
does not preserve the low-scattering region as it iniproves
the contrast between the UCA and tissue regions

Fig. 8(c) shows the quadratic image obtained using the
algorithm described in Section II-C (with P = Q = 12
in Fig. 2). Compared with the standard B-mode. the cn-
hanced visualization of the UCA in the small Sow channel
surrounded by the tissue can be seen. This enhanced visu-
alization is also consistent with the higher CTR 122.2 dB).
In addition, one can see the reduction in the echogenic-
ity of the cellulose in the 8-mm flow channel. This is also
reflected in the value of LTR (—15.4 dB) computed fu
this channel. This result demonstrates the ability of 1he
quadratic filter to separate the tissue from both the UCA
and the low-scattering cellulose region simultaneoush We
can also see the preservation of specular reflections from
both the UCA and cellulose flow chanmels. This can be seen
more quantitatively in Fig. 10. which shows the decibel
values for axial and lateral lines through images in Fig 9.
Axial lines through the center of the cellulose and the UCA
flow channels are shown in Fig. 10(a) and Fig 10{b. re.
spectively. Lateral lines through the ¢enter of both the cel-
lulose and the UCA flow channels are shown in Fig. 10¢).
One can see the contrast enhancement m different « me-

. dia (i'e.. the UCA. the cellulose. and the tissue) from the

quadratic image without loss in spatial resolution In par-
ticular. for the B-mode image. the signal from the con-
trast channel is 13 dB above the tissne level and 30 .45 -
above the céllulose channel. Ou the other hand. §in the
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Fig 9 Images of the flow phantom using (a) Standard B-mode. (b) Harmonic. (¢) Quadratic. (d) Boxes (. (2. and C3 indicate regions for
CTR and CR caleulations. Note the hyperechoic region from the UCA in the 6-mm flow channel (55 mm 10 61 mm axial and ~6 mm 1o 0
tateral} and the bypoechoic region from the cellulose (53 mm to 61 mm axial and 17 mm to 25 mm lateral).

yuadvatic image. the signal from the contrast channel is
30 dB higher than tissue and 67 dB higher than the cel-
Inlose channel. Finally. examination of the strong specular
retlections along the axial lines shown in Fig. 10 suggests
that the quadratic filter preserves the resolution of the
system. This was confirmed by computing the correlation
cell size in the scan-converted intensity images according
to (19) [17] from the three imaging methods in the tissue
region {52 to 65 mm axial and 4 to 17 lateral in Fig. 7).
These values are reported in Table I1.

C. Clessification Results-

To give the reader a quantitative idea of the ability of
the three different imaging methods to separate the dif-
ferent vegions hi the inaging targets. we use histograms
fron represeniative arceas of these regions. For example.

for the tissue-mimicking L-shaped phantom surrounded
by the UCA in the beaker. regions from different medi
are defined in Fig. 6(d) as follows: the region Al and A?
(the tissue and UCA regions. respectively) and the re-
gion B1 and B2 (the tissue and echo-free regious. respec-
tively). After images from three different imaging tech-
niques are scan converted and represented with 256 levels
of gray covering their full dynamic range. the histogram
of each region is determined and shown in Fig 11. His-
tograms from regions Al and A2 are shown in Fig. 1]
(left-hand side). One can see the degree of overlup be -
tween the histograms is highest for the standard B-mode
image. On the other hand. the corresponding histograms
are well separated for the harmonic and guadratic images.
This is consistent with the increased level of contrast per-
ceived from direct visualization of the images in Fig. 6.
Histograms produced from regions 51 and B2 are shown i
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TABLE 11
CROCTH. ann CorreLATION CELL S1zE VALUES FOR THE FLOW CHANNEL TARGET. THE CTR VALUES ARE GIVEN i Decprns
Imaging method UCA/Tissue Tissue/Cellulose CTR S: S
B-mode 1.57 1.35 9.8 1.0 1.2
SH 212 1.21 5.0 06 09
Quadratic 246 1.65 222 09 1.1

Fig. 11 (right-hand side). Gray-level histograms of regions
31 and B2 produced from harmonic image has higher de-
gree of overlap than those from the standard B-mode and
the quadratic images. This is further quantified by ROC
curves [16] obtained from histograms of region Al (Tis-
suc) and A2 (UCA) and region B1 (tissue) and B2 (echo-
free) are shown in Fig. 12(a) and Fig. 12(b). respectivelsy.
As can be seen in Fig. 12(a). the 4. vahies between re-
gion Al and A2 from the standard B-mode. harmonic and
guadratic images are 0.8269. 0.9936. and 0.9876. respec-
tivelv. These values demonstrate improved classification
performance between region Al and region A2 from har-
monic and guadratic images over the standard B-mode imn-
age. However, as shown in Fig. 12(b). the 4. value of the
quadratic image {0.9535) presents the best classification
performance of tissue and echo-free regions among three
buaging techniques. while the, classification performance
from the harmonic image (4. = 0.8724) is inferior o that

from the standard B-mode image (4. = 0.9302). These -
measurenients show that the quadrarir image provides im-
proved separation of the UCA froni the tissue mimic com-
parable with SH performance. At the same time. signifi-
cant improvement in separation between tissue numic and
echo-free regions is achievable in the guadratic immage over
both the standard B-mode and SH images.

Contrast ratios determined from corresponding
scale images in Fig. 6 are shown in Table 1. For contrast
comparison between the UCA and tissue regions. CRs ol
tained from regions A1"and A2 demoustrate the contrast
enhancement of the harmonic (2.56) and the guadratic
(2.16) images over the standard B-mode image 0091). On
the other hand. one can see that the CR hetween tissue and
echo-free regions of the harmornic image 11 121 is inferior
to that of the standard B-mode image (1 51). However. the
guadratic image gives the maximal CR(1.6G:. These CR
-alnes agree with both the visualization of imagss shown

aray
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i Fig. 6 and the degree of overlap hetween the histograms
shown in Fig. 11. These results have demonstrated that
the quadratic iniage provides the perceived contrast en-
hancement not only between the UCA and tissue regions
‘but also between the tissue and the echo-free regions. We
note here that similar analysis was performed for the flow
channel data and that the results are in full agreement
with the results shown in this section. The CR. CTR. and
correlation cell size values for both the L-shaped and flow
phantoms are summarized in Tables 1 and 2.

Sinilarly, images of the UCA and cellulose flow channels
m the flow phantom as shown in Fig. 9 are scaled into 8-bit
gray-level images. Gray-level histogramns between the UCA
and tissue regions and between the cellulose and tissue
regions are produced and the corresponding ROC curves
are determined. Although the number of data frow each
region is quite small for meaningful statistical analvsis.
results from both CRs and A4, show tendency that the
quadratic image enhances the contrast and provides better
classification performance compared with the standard B-

mode image. Table 1I gives the CR values resulting from

the flow channel experiment.
V. DISCUSSION

We have introduced a nonlinear postbeamforming . fil-
tering algorithm for ultrasonic pulse-echo imaging based
on the Volterra filter model. The main goal of this paper
vas Lo introduce the mathematical basis for deriving the
filter coefficients from standard beamformed RF data ob-
tained by commercial scanners. In addition. we have pre-
sented imaging results from two laboratory contrast tar-
gets 1o illustrate the nature of the gray scale images ob-
tained with the quadratic component compared with stan-
dard echo signals and harmonic images. Tmages from the
quadratic comnponents were obtained by applying a sin-
gle filter derived from echoes from the contrast region. We
have decided to do this to demonstrate that the method is
quite robust in the sense that the derived filter is applied
rhroughout the image to produce images free of artificial
inhomogeneity. This is a desirable method from the im-
plementation point of view. especially for real-time imple-
enptation. .

For a fair comparison, all images presented in this paper
were normalized to their full dynamic range and displayved
nsing 256 levels of gray. Classification results based on
histogram characterization of contrast and tissue regions
show that the quadratic images produce nearly twofold
werease in CR values (compared with standard echo im-
ages) without loss of image features (compared to har-
monic images). Classifving the tissue and echo-free regions
demounstrated the improved performance with respect to
harmonic imaging. This is probably due the vulnerability
of harmonic images to noise and beamforming artifacts.
especially when the sidelobes of the transmit beam are in

contrast regions,

Faen thoush we have focused on the eomparison he-

tween aravescale images. there are some interesting prop-

-erties of the quadratic signal components that mav reveal

mmportant information on the nature of the objects pro-
ducing the echo signals. For example. the freqnency om-
ponent at f in the quadratic signal component is a resuh
of all frequency components fy and fa from the echo Sig-
nal such that fi + fo = f. weighted by He(fi. £ This
frequency coupling results in quadratic signal components
with high SNR values due 10 rejection of adduive yoiae
An interesting questiou is whether the quadratic compo
nents are more directly related to the composition of the
echoes in terms of coherent and diffuse scattermeg This
may be quite significant in improving the robustness of
motion tracking and displacemeént estimation algorithms
In this paper, the filter is designed based on nonlin-
ear echoes from the tissue-like medium. However. the fil-
ter does not distinguish between nonlinearities fron: VA
and those from tissue. The contrast enhancement is mainis
due to the higher level of quadratic component {relative o
the RF signal level) in the contrast regions For example.
in the L-shaped phantom. on average. the quadratic sig-
nal is 30 dB and 50 dB below the RF in the conrrast and
tissue regions, respectively. It is interesting to not¢ that.
for this target, the quadratic component from the wag
netic bead at the bottom of the image is only 3 dB be-
low the RF signal. This suggests that the quadratic filtes
does not rompletely reject quadratic echoes from specu-
lar reflectors. even though it may still discrinunate against
them. Therefore, for applications in which the guadratic
componeuts from the contrast agents are weak or compa-
rable to tissue components. a method for separating the
two types of nonlinearity is needed. There are several pos-
sible approaches to the filter design problem so that better
separation between nonlinear echoes from UCA and tissue:
o Adaptive implementation of the SVF based on fast
recursive LS approach [12]. This will aliow for the op-
timization of filter coefficients based on the local level
of nonlinearity.
Higher order filters (e.g.. cubic) that may be wore
sensitive to UCA nonlinearity than tissne nonlinear-
ity. This is due to the observation that, nuder nor-
mal imaging conditions, tissue nonlinearity is at most
quadratic. )
Synthesis of pulse sequences to excite contrast mi-
crobubbles to maximize their nonlinear response. This
i# motivated by the recent trend in contiast-agent
imaging. which calls for the use of super low vahues
of MI The identified quadratic kernel of the SVF c¢an
be used for the design of these waveforms

We have chosen to compare quadratic images with im-
ages obtained using linear harionic filters rather than sec-
ond harmonic filters. This was based on the observation
that the spectra of echoes from contrast regions are typi-
cally broader than those from tissue regions as can be secn
fromn Figs. 5 and 8. The application of a strier SH filier
based on the bandwidth from tissue comiponent tvpically
produce inferior results when UCA regions are present in

the imaging field. To illustrate this poinr. Fig. 13 shows
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Fig. 13. LHS: The image of L-shaped phantom produced using BPF centered at 4 MHz with fractional bandwidth 25%.. RHS: The ituage of
flow channel phantom produced using BPF centered at 6 MHz with fractional bandwidth 25%.

SH images of both the L-shaped and flow phantoms based
on the spectra from tissue regions. These images are vis-
ibly inferior to those obtained using the linear harmonic
approach described in Section II-D. We note that quanti-
tative analysis of these images confirms the inferiority of
the SH images shown.

The filters used for extracting the quadratic compo-
nents for the two data sets were of orders 10 and 12 for
the L-shaped phantom and the flow-channel phantom. re-
spectively. In deriving the filters. we have assumed that
hotj. k) = holk, 7). which implies that the filters can be
implemented with 65 and 90 independent coefficients, re-
spectively. On the other hand, the linear bandpass filter
had 77 coefficients. This number is effectively doubled by
the zero-phase implementation described in Section II-D.
While it is not our objective to compare the computational
efficiency of the quadratic filters with the linear filter, we
note that the requirements of the quadratic filters will not
preseut a severe problem for real-time implementation on
modery ultrasound scanners. We also note that efficient
software and hardware implementations of the Volterra fil-
ter have been extensively studied in recent literature [19].

Finally. even though the two imaging targets in this pa-
per contain UCA regions, quadratic images can be used in
“native quadratic™ form. in much the same way as SH imn-
ages. The enhaucernent of the contrast between the tissue
mindic and the low scattering regions in both rargets offer
an illustration of the nature of quadratic images in native
mode. We are enrrently investigating speckle reduction in
quadratic images (some speckle reduction can be observed
in the Tissue mimic in guadratic images from both phan-
tomst, This is the suabject of a future report.

V1. CONCLUSIONS

A nonlinear postbeamforming filter based on the
Volierra model was introduced in this paper. The
quadratic component from the SVF signal separation
mode] was shown to produce images with high contrast
and high dynamic range without loss of axial m lateral
resolution. This was coufirmed by estimating the correla-
tion cell size based on [17] for the quadratic 1mages and
comparing with those for B-mode and Harmonic images
(Tables I and 11). The improvement in contrast was coun-
firmed by quantitative measures. both on the RF data and
the log-compressed image data after scan conversion. Fur-
thermore. the quadratic images were also shown to pre-
serve the low-scattering targets while improving the UCA
to tissue contrast. This was demonstrated by the computed
CR values (Tables I and II} and the 4. values from the
ROC curves shown in Fig. 12.
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